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FOREWORD 


The  Air  Force  Avicnics  Laboratory  (AFSC)  and  che  Society  Automotive  Engineers 
jointly  sponsored  the  "1972  Lightning  and  Static  Electricity  Conference"  on  12  -  15 
December  1972  in  Lss  Vasas,  Nevada,  This  report  presents  the  proceedings  of  the 
conference.  Hr.  C.  R.  Austin,  Air  Force  Avionics  Laboratory  va*>  the  Conference 
Organizer. 

Research  described  herein  represents  the  efforts  of  numerous  persons  in  many 
organizations.  The  Air  Force  Avionics  Laboratory  and  the  Society  of  Automotive 
Engineers  desires  to  express  gratitude  and  appreciation  to  the  following  for  their 
contributions  in  the  conduct  of  this  Conference  and  preparation  of  the  proceedings: 

Members  of  the  General  Committee,  the  Program  Planning  Committee,  and  AE-4 
Electromagnetic  Compatibility  Committee  of  SAE  and  the  conference  co-chairmen, 

Messrs.  C.  Seth  and  J.  Moe,  Messrs.  J.  M.  Kelly,  Tom  Wolff,  C.  R.  Austin,  and 
Mrs.  Pam  Hutmier  who  spent  many  hours  assisting  in  organizing  the  Conference 
and  preparing  material. 


Publication  of  this  proceeding  does  not  constitute  Air  Force  or  Society  of 
Automotive  Engineers  approval  of  the  findings  or  conclusions.  The  proceedings 
are  published  only  for  the  exchange  and  stimulation  o^.  ideas,  and  to  highlight 
the  state-of-the-art. 
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BERNARD  H.  LIST 
dhic-f  Scientist 
■Al1  Avionics  Laboratory 


CHAIRMEN'S  MESSAGE 


Prior  to  19f>S,  a  need  existed  for  an  international  forum  concerning  the  nat¬ 
ural  phenomena  of  Lightning  and  Static  Electricity.  Technical  communication  and 
exchange  of  information  was  restricted  to  minimal  coverage  in  conjunction  with 
other  symposia.  Accordingly,  a  Conference  on  Lightning  and  Static  Electricity 
was  held  to  establish  technical  communication  within  the  area  and  highlight  the 
state-of-the-art.  The  Conference  was  co-sponsored  by  the  Air  Force  and  the 
Society  of  Automotive  Engineers  (SAE)  Committee  AE-4  or  Electromagnetic  Compati¬ 
bility.  Again  in  1970,  the  need  for  continuing  communication  became  apparent, 
anJ  another  Conference  was  held  which  was  also  co-sponsored  by  the  Air  Force  and 
SAE  Committee  AE-4. 

This  year,  the  Air  Force  and  S^E  Committee  AE-4  have  again  teamed  to  present 
this  third  biennial  Conference  on  Lightning  end  Static  Electricity.  It  is  the 
hope  of  the  Chairmen  that  the  Conference  will  highlight  the  state-of-the-art 
while  providing  a  ferum  for  technical  interchange.  This  type  of  communication 
among  the  experts  in  the  field  will  create  a  general  "awareness"  of  atmospheric 
electricity  problems.  The  Proceedings  include  extensive  technical  information 
and  will  serve  as  a  valuable  reference  for  many  years. 

Preliminary  plans  are  underway  for  another  conference  in  1974.  The  current 
chairmen  will  act  as  a  focal  point  until  the  conference  officers  are  designated. 
One  objective  of  the  next  conference  will  be  to  obtain  additional  participation 
from  other  nations  so  that  the  International  aspects  of  those  common  prob.'emo 
are  highlighted. 

Tour  Chairmen  wish  to  acknowledge  the  extensive  efforts  and  contributions 
made  by  so  many  on  behalf  of  the  Conference.  Particularly,  we  extend  cur  th.-nks 
to  the  Conference  Session  Organizers,  Messrs.  M.  P.  Amason,  Dr.  J.  G.  Breland, 

E.  W.  Ellison,  J.  8.  Godwin,  Dr.  J.  E.  Nanevicz,  R.  A.  Peterson,  J.  A.  FJ.umer , 

J.  D.  Robb,  H.  S.  Schwartz  and  G.  L.  Weinstock.  Also,  we  acknowledge  the  special 
efforts  of  Miss  Janice  Howe  and  Mr,  H.  J.  Hunter  in  the  preparation  of  the 
Conference  Proceedings .  Special  thanks  are  extended  to  the  Chairman  of  SAE 
Committee  AE-4,  Mr.  W.  D.  McKerchar  and  the  Chairman  of  EIA  Committee  G-46,  Mr. 

E.  S.  Hughes,  for  their  help  and  assistance.  Also,  we  extend  a  special  vote  of 

thanks  to  our  consultants,  Messrs,  C.  R.  Austin.  H.  M.  Bartman,  S.  Caine. 

W.  L.  Evans,  J.  J.  Fisher,  Dr.  D.  R,  Fitzgerald  and  S.  Skolrtik  for  their 
valuable  advice  and  guidance. 


It 


J.  L.  MOE 
FOR  INDUSTRY 


C.  E.  SETH 
FOR  GOVERNMENT 
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PROGRAM 


INTRODUCTION  Tuesday  Morning 


•  Welcome  and  Opening  Remarks 

•J.  L.  Mce,  General  Dynamics  Corporation 
••  Conference  Chairman  for  Industry 

•C.  E.  Seth,  U.S.  Air  Force 
••  Conference  Chairman  for  Government 

•  Introduction  of  the  Keynote  Speaker 

•Col.  M.  M.  Bonner,  Commander,  USAF  Avionics  Laboratory 

•  Keynote  Address 

•Dr.  Bernard  List,  Chief  Scientist,  USAF  Avionics  Laboratory 


SESSION  I  FUNDAMENTAL  ASPECTS  OF  LIGHTNING  Tuesday  Morning 


9  Introduction  of  the  Session 

•M.  P.  Amason,  McDonnell  Douglas  Corporation 
••  Session  Chairman  and  Organizer 

•  Atmospheric  Electricity 

•  Movie:  "Atmospheric  Electricity" 

•Professor  Bernard  Vomugut,  Department  of  Atmospheric  Science,  State 
University  of  New  York  at  Albany 

c  Instrumentation  and  Measurements  Associated  with  Lightning  Strikes 
•Professor  M.  Brook  and  Professor  C.  Moore 

New  Mexico  Institute  of  Mining  and  Technology 

•  Spark  Simulation  of  Natural  Lightning 

•Professor  Martin  A.  Uman,  Department  of  Electrical  Engineering, 
University  of  Florida 


SESSION  II  FUNDAMENTAL  ASPECTS  OF  STATIC  ELECTRICITY  Tuesday  Afternoon 


9  Introduction  f  the  Session 

•Dr.  Joseph  E.  Nanevicz,  Stanford  Research  Institute 
••  Session  Chairman  and  Organizer 

•  Ice  Crystal  Electrification 

•Professor  G.  A.  Dawson,  Institute  of  Atmospheric  Physics,  The  University 
of  Arizona 

•  Processes  of  Frictional  Electrification 

•Professor  Ion  I.  Inculet,  Faculty  of  Engineering  Science,  The  University 
of  Western  Ontario,  Canada 
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•  Effects  of  Static  Electrification  on  Systems 

•Robert  W.  Ellison,  Martin  Marietta  Aerospace,  Denver  Division 

•  Techniques  for  the  Study  of  Noise  Generation  and  Coupling 

•E.  F.  Vance,  Stanford  Research  Institute 

•  Structure  of  Lightning  Noise  -  Especially  Above  HF 

•Dr.  N.  Cianos,  Dr.  G.  N.  Oetzel,  and  Dr.  E.  T.  Pierce 
Stanford  Research  Institute 


SESSION  III  ELECTRIFICATION  -  OPERATIONAL  I ROBLEMS  Tuesday  Afternoon 


•  Introduction  of  the  Session 

•Dr.  J.  G.  Breland,  Captain,  U.S.  Air  Force,  p.  J.  Seiler  Research 
Laboratory,  AFSC 
••  Session  Chairman  and  Organizer 

o  Static  Electricity  Problems  -  VLF/LORAN  Systems 
•John  B.  Chown  and  Dr.  Joseph  E.  Nanevicz 
Stanford  Research  Institute 

•  ILS/VOR  Navigation  and  Approach  Errors  From  Precipitation  Static  Interference 
Part  I  -  Basic  Concepts 

•J.  D,  Robb,  Lightning  and  Transients  Research  Institute 

•  ILS/VOR  Navigation  and  Approach  Errors 
Part  2  -  Experimental  Investigations 

•Robert  L.  Truax,  The  Truax  Company 

•  Ci  nductive  Polymeric  Coatings  for  Combined  Anti  Static  Properties  and 
Erosion  Resistance 

•George  F.  Schmitt,  Jr.,  Air  Force  Materials  Laboratory 

•  A  Review  of  Air  Force  Experience  With  Static  Electricity  Problems  on 
Aircraft  Windshields 

•Robert  E.  Wittman,  Air  Force  Materials  Laooratorj 

•  Windshield  Static  Electrification  Problems  -  Commercial  Aircraft  Experience 
and  Protection  Parameters 

•M.  M.  Newman,  J.  D.  Robb,  and  J.  R.  Stahmann 
Lightning  and  Transients  Research  Institute 

•  Windshield  Related  Problems  -  A  Manufacturer's  View 

•F.  H.  Gillery,  Senior  Scientist.  Pittsburgh  Plate  Glass  Industries,  Inc. 

•  Windshield  Related  Electrostatic  Problems  -  Electrification  Studie's  on 
the  747 

•Rowan  0.  Brick,  The  Boeing  Company,  Commercial  Airplane  Group 


SESSION  IV  MISSILES  AND  SPACECRAFT 


Wednesday  Morning 


•  Introduction  of  the  Session 

•Robert  W.  Ellison,  Martin  Marietta  Aerospace,  Denver  Division 
••  Session  Chairman  and  Organizer 
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•  Results  of  Titan  III  Flight  Electrostatic  Experiments 

«Dr.  Joseph  E.  Nanevicz,  Stanford  Research  Institute 

<3  Static  Electricity  in  the  Apollo  and  Skylab  Spacecraft 
•Dr.  Andrew  E.  Potter,  Jr.  and  B.  R.  Baker 
NASA  Manned  Spacecraft  Center 

•  The  Role  of  Electrostatics  in  Skylab  Contaminant  Behavior 

•H.  E.  Beaver  and  R.  W.  Ellison 

Martin  Marietta  Aerospace,  Denver  Division 

•  Electrostatic  Potentials  Developed  by  ATS-5 

•Dr.  Sherman  E.  DeForest,  University  of  California,  San  Diego 

»  Electrostatic  Charges  Acquired  by  Spacecraft  and  Their  Possible  Effects 
on  Instruments 

•Dr.  Elden  C.  Whipple,  Jr.,  National  Oceanic  and  Atmospheric  Administration 


SESSION  V  AIRCRAFT  I  Wednesday  Afternoon 

e  Introduction  of  the  Session 

•G.  L.  Weinstock,  McDonnell  Douglas  Corporation 
•  •  Session  Chairman  and  Organizer 

•  Triggered  Lightning  and  Its  Application  to  Rockets  and  Aircraft 

•Dr.  Edward  T.  Pierce,  Stanford  Research  Institute 

•  Engineering  Aspects  of  Lightning  Environments 

•Dr.  N.  Cianos  and  Dr.  E.  T.  Pierce 
Stanford  Research  Institute 

•  Aircraft  Initiation  of  Lightning 

•Dr.  J.  F.  Shaeffer,  McDonnell  Douglas  Corporation 

•  General  Aviation  Lightning  Ef feces  and  Protection 

•J.  A.  Plumer,  General  Electric  Company,  Corporate  Research  and  Development 

•  Aircraft  Lightning  Protection  Design  Considerations 

•M.  P.  Amason,  G.  J.  Cassell,  J.  T.  Kung,  J.  A.  LaManna,  W,  W.  McCloud 
McDonnell  Douglas  Corporation 

•  B-l  Lightning  and  Electrification  Program 

•Harry  Z.  Wilson,  North  American  Rockwell 
•  John  D.  Robb,  Lightning  and  Transients  Research  I  .stitute 

•  Experimental  Investigation  of  Problems  Associated  with  Discharging 
Hovering  Helicopters 

•Dr.  J.  E.  Nanevicz  and  D.  G.  Douglas 
Stanford  Research  Institute 

•S.  Blair  Poteate,  U.S,  Army  Material  Research  and  Development  Laboratory 
•B.  J.  Solak,  Boeing  Company,  Vertol  Division 

•  Data  from  the  Airlines  Lightning  Strike  Reporting  Project 

•J.  A.  PJumer,  General  Electric  Company,  Corporate  Research  and  Development 
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SESSION  VI 


ADVANCED  COMPOSITES,  MATERIALS,  AND  STRUCTURES  Thursday  Morning 


•  Introduction  of  the  Session 

•H.  S.  Schwartz,  U.S.  Air  Force  Materials  Laboratory 
••  Session  Chairman  and  Organizer 

«  Current  Flow  Phenomena  in  Boron  and  Graphite  Fiber  Reinforced 
Composites  Exposed  to  Simulated  Lightning 
•John  L.  Perry,  Philco-Ford  Corporation 
•Kenneth  J.  Lloyd,  General  Electric  Company 

•  Electromagnetic  Shielding  Properties  of  Composite  Materials 

•F.  A.  Fisher,  Ceneral  Electric  Company,  Corporate  Research  and  Development 

•  New  Developments  in  Lightning  Protective  Coatings  for  Advanced  Structural 
Composites 

•Dr.  John  Quinllvan,  The  Boeing  Company 

•Mr.  J.  H.  Weaver,  Air  Force  Materials  Laboratory 

•  Dielectric  Shielding  Lightning  Protection  for  Composite  Aircraft  Structures 

•J.  T.  Kung  and  M.  P.  Amason 
McDonnell  Douglas  Corporation 

9  Lightning  Protection  for  Aircraft  Sandwich  Structures  with  Boron/Epoxy 
Composite  Skins 

•Geroge  Lubin  and  Sam  Das tin 

Grumman  A.erospace  Corporation 


SESSION  VII  ELECTROSTATICS  IN  AVIATION  FUEL  SYSTEMS  Thursday  Afternoon 


•  Introduction  of  the  Session 

•J.  B.  Godwin,  U.S.  Air  Force,  Directorate  of  Aerospace  Fuels 
••  Session  Chairman  and  Organizer 

•  Principles  of  Electrostatics  in  Aircraft  Fuel  Systems 

•Dr.  Joseph  T.  Leonard,  Naval  Research  Laboratory 

•  Static  Electricity  Accident  Reports  -  American  Petroleum  Institute 

•W,  L.  Bulkley,  American  Oil  Company 

•  Electrification  Study  -  A  Multi  Purpose  Single  Element  Test  Rig  Approach 

•R.  P,  Foster,  Gulf  Research  and  Development  Company 

•  Ten  Years'  of  Experience  with  Anti/Static  Additives  in  Aviation  Turbine  Fuel 

•J.  G.  Kirtley,  Shell  International  Petroleum  Company,  London 

«  Electrostatics  at  Airports  -  Coordinating  Research  Council 
•P.  P.  Campbell,  United  Airlines 

•  Protective  System  Measurements  for  Aviation  Fuel  Handling 

•W.  G.  Dukek,  ESSO  Research  and  Development 

•  Future  Trends  in  Jet  Fuel 

•A.  V.  Ghur chill,  Air  Force  Aero  Propulsion  Laboratory 
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SESSION  VIII  AIRCRAFT  II 


Friday  Morning 


•  Introduction  of  the  Session 

•R.  A.  Peterson,  The  Boeing  Company 
••  Session  Chairman  and  Organizer 

•  Lightning  Protection  Techniques  for  Large  Canopies  on  High  Speed  Aircraft 

•Robert  Aston,  R.  Gorton,  and  G.  L.  Weinstock 
McDonnell  Douglas  Corporation 

•  Lightning  and  Electromagnetic  Compatibility  Analyses  -  A  Joint  Study  on 
Lightning  Effects  for  the  B-l  Program 

•  E.  S.  Hughes,  North  American  Rockwell,  B-l  Division 
Coordinator 

•J.  D.  Robb,  Lightning  and  Transients  Research  Institute 
•W.  R.  Johnson,  TRW  Systems 

•J.  A.  Plumer,  General  Electric  Company,  Corporate  Research  and  Development 

w  Control  Surface  and  Door  Hinge  Bonding  Effectiveness  in  Modern  Aircraft 
•James  R.  Stahmann,  Lightning  and  Transients  Research  Institute 

•  A  Test  Technique  for  Measurement  of  Lightning- Induced  Voltages  in  Aircraft 
Electrical  Circuitry 

•Lawrence  C.  Walko,  General  Electric  Company,  Corporate  Research  and 
Development 

•Paul  T.  Hacker,  Aerospace  Safety  Research  and  Data  Institute,  National 
Aeronautics  and  Space  Administration,  Lewis  Research  Center 

•  Lightning  Protection  Approaches  For  Helicopters 

•J.  D.  Robb  and  J.  R,  Stahmann 

Lightning  and  Transients  Research  Institute 

•  Helicopter  Cargo  Handling  -  Electrostatic  Considerations 

•B.  J.  Solak,  The  Boeing  Company 

•J.  E.  Nanevicz,  Stanford  Research  Institute 

•G.  J.  Wilson,  The  Boeing  Company 

•C.  H.  King,  The  Boeing  Company,  Commercial  Aircraft  Group 


SESSION  IX  WORKSHOP:  LIGHTNING  SIMULATION,  TESTING,  Friday  Afternoon 

AND  MIL-B-5087B 


•  Introduction  of  the  Session 
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FUNDAMENTAL  ASPECTS  OF  UGHTNING 
Chairman  and  Organizer  -  M.  P.  Amsson 


Doughu  Aircraft  Company 
McDonnell  Douglas  Corporation 
f  ong  Beach.  California 


The  Fundamental  Aspects  of  Lightning 
Session  Is  organized  with  the  objective  of 
presenting  discussions  of  the  basic  elements 
of  natural  lightning  strike  phenomena  with 
special  emphasis  placed  on  the  conditions  that 
are  of  Importance  to  the  design  of  lightning 
protection  for  aerospace  vehicles. 

A  motion  picture*  of  the  thunderstorm  with 
its’  associated  electrical  and  lightning 
phenomena  and  the  related  research  activities 
will  first  be  presented  by  Professor  B. 

Vonnegut  of  the  State  University  of  New  York 
at  Albany.  The  lightning  prestrike  activities, 
such  as  the  cloud  electrification  phenomena  and 
the  propagation  of  lightning  stepped  leaders, 
will  be  discussed.  This  will  provide  a  general 
over-all  view  of  the  operational  environment 
and  the  aerospace  vehicle's  Involvement  with 
the  llghtn^g  strike. 

The  electrical  current  and  field  character¬ 
istics  of  lightning  strikes  are  of  major  con¬ 
cern  to  the  aerospace  designers.  It  Is  gener¬ 
ally  accepted  that  most  of  the  lightning  damage 
to  the  aerospace  vehicles  are  related  to  the 
electrical  aspeccs  of  lightning  strikes,  such 
as  the  peak  current  flow,  the  rate  of  rise  of 
the  current  and  the  charge  transfer.  A  better 
understanding  of  these  characteristics  will 
enable  the  designers  to  establish  more  realis¬ 
tic  design  criteria  for  lightning  protection. 
The  Instrumentation  and  measurements  associated 
with  defining  electrical  current  and  field 
characteristics  of  various  types  of  lightning 
strikes  will  be  discussed  by  Professors 
M.  Brook  and  C.  Moore  of  the  New  Mexico  Insti¬ 
tute  of  Mining  and  Technology.** 


Movie  film  “Atmospheric  Electricity,1'  by 
the  American  Meteorological  Society,  Film 
No.  1841,  Modern  Learning  Aids,  1212  Avenue 
of  the  Americas,  New  York,  N.Y.,  10036. 
Copies  of  this  paper  will  be  distributed  at 
the  Conference. 


Most  of  the  lightning  protection  research 
and  development  work  In  the  aerospace  industry 
has  been  carried  out  using  laboratory  spark 
simulation  techniques.  In  the  past,  there  has 
been  concern  with  certain  simulation  methods 
In  view  of  the  differences  found  between  test 
results  and  In-service  data.  The  understand¬ 
ing  of  the  characteristics  of  natural  and 
simulated  lightning  strikes  and  the  differ¬ 
ences  between  them  will  assist  in  the  inter¬ 
pretation  of  lata  collected  in  the  laboratory. 
The  laboratory  spark  simulation  of  natural 
lightning  strikes  will  be  analyzed  by  Professor 
M.  A.  Uman  of  the  University  of  Florida. 

An  Impressive  amount  of  information  related 
to  natural  lightning  strike  characteristics 
has  been  obtained  during  the  past  few  years. 
This  information  has  been  used  as  a  guide  line 
for  the  current  lightning  protection  research 
and  development  work.  Many  factors  are  still 
unknown,  especially  those  associated  with  the 
prestrike  and  the  cloud-to-cloud  and  intra¬ 
cloud  lightning  stroke  phenomena,  which  may 
affect  certain  lightning  protection  design 
features.  Research  efforts  should  continue 
until  all  phases  of  the  natural  lightning 
strike  to  aircraft  phenomena  can  be  understood. 
If  required,  improved  laboratory  simulation 
techniques  should  be  devised  and  better  light¬ 
ning  protection  techniques  for  aerospace 
vehicles  developed. 
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Atmospheric  Electricity 
Bernard  Vonnegut 

State  University  of  New  York  at  Albany 


A  general  picture  of  thunderstorm 
and  associated  electrical  phenomena 
is  provided  by  a  motion  picture  en¬ 
titled,  "Atmospheric  Electricity”. 

This  film,  prepared  by  the  Educational 
Development  Center  under  the  direction 
of  the  American  Meteorological  So¬ 
ciety  and  the  sponsorship  of  the 
National  Science  Foundation,  provides 
a  rather  elementary  and  nontechnical 
introduction  to  the  electrical  pro¬ 
cesses  taking  place  in  the  atmosphere. 

To  introduce  the  concept  of  elec¬ 
tricity  in  the  atmosphere  several 
familiar  charge  separation  mechanisms 
are  illustrated — the  electrification 
experienced  when  walking  across  a  rug 
and  the  contact  electrification  of 
the  belt  passi.  over  a  pulley  of  a 
Van  de  Graaff  high  voltage  generator. 

The  important  concept  that  electri¬ 
cal  forces  are  produced  between 
separated  electric  charges  is  illus¬ 
trated  by  the  electrical  attraction 
exhibited  between  two  high  voltage 
electrodes  and  the  coalescence  of 
water  drops  suspended  in  an  electric 
field  in  a  nonconducting  oil. 

The  fact  that  significant  electri¬ 
fication  is  present  in  the  atmosphere 
even  during  fine  weather  in  the  com¬ 
plete  absence  of  clouds  is  illustrated 
by  duplication  of  early  experiments  in 
which  charge  is  shown  to  flow  when  a 
wire  attached  to  an  arrow  is  projected 
into  the  air  or  when  a  wire  is  sup¬ 
ported  by  a  kite  or  balloon.  The  re¬ 
sults  of  studies  of  atmospheric 
electricity  during  fair  weather,  which 
indicate  that  the  solid  earth  carries 
a  charge  of  about  a  million  coulombs 
of  negative  charge  while  the  lower  at¬ 
mosphere  carries  an  equal  positive 
charge,  are  illustrated.  The  conse¬ 
quent  potential  difference  of  several 
hundred  kilovolts  that  exists  between 
the  earth  and  the  upper  atmosphere  and 
the  global  conduction  current  of 
several  kiloamperes  flowing  continu¬ 
ously  from  the  atmosphere  to  the  earth 
is  also  illustrated. 

Some  of  the  many  sources  of  atmos¬ 
pheric  electrification  are  shown,  such 
as  the  production  of  charge  by  bursting 
bubbles,  the  blowing  of  snow  and  dust, 
as  well  as  waterfalls  and  erupting 
volcanoes.  Although  these  processes 
undoubtedly  contribute  in  important 
ways  to  atmospheric  electrification, 
it  is  generally  agreed  that  the  domi¬ 
nant  source  of  atmospheric  charge  is 


provided  by  thunderstorms,  perhaps  a 
thousand  in  number,  continuously 
occurring  somewhere  over  the  surface 
of  the  earth.  Studies  being  carried 
out  by  scientists  to  determine  the 
nature  of  thunderstorm  electrification 
and  its  origin  are  illustrated  with 
scenes  taken  in  New  Mexico  showing 
various  research  activities.  An  ani¬ 
mated  sequence,  prepared  with  the  help 
of  Professor  Marx  Brook,  illustrates 
how  a  lightning  discharge  develops 
under  the  influence  of  the  electrical 
stresses  produced  by  the  thunderstorm 
cloud. 

The  still  unsolved  and  critical 
problem  of  how  clouds  generate  strong 
electric  fields  is  illustrated  by 
descriptions  of  two  varieties  of 
electrification  mechanisms,  the  first 
caused  by  the  falling  of  electrified 
precipitation,  and  the  second  caused 
by  the  transport  of  charged  particles 
in  updrafts  and  downdrafts. 

The  phenomenon  of  point  discharge, 
in  which  elevated  points,  such  as 
trees  and  buildings  beneath  thunder¬ 
storms,  produce  ionization  and  emit 
electrical  charge  is  illustrated  by  a 
duplication  of  Schonland's  experiment, 
in  which  a  current  is  shown  to  flow 
from  an  electrically  isolated  tree. 

Some  of  the  apparatus  and  techniques 
used  to  study  thunderstorms  are  il¬ 
lustrated  with  scenes  showing  Pro¬ 
fessor  Moore  and  his  colleagues  carry¬ 
ing  out  studies  of  thunderstorms  from 
the  summit  of  a  mountain  in  New  Mexico. 

Data  obtained  with  electrical 
measuring  apparatus,  photography  and 
radar  show  that  electrification  ap¬ 
pears  early  in  the  life  of  the  thunder¬ 
storm  and  that  increases  in  electrifi¬ 
cation  coincide  with  rapid  growth  in 
the  height  of  the  cloud.  Radar  data 
indicating  that  lightning  is  sometimes 
followed  by  the  formation  of  a  heavy 
gush  of  rain  suggest  that  electrical 
processes  may  be  playing  a  role  in 
accelerating  droplet  coalescence. 

Laboratory  experiments  are  shown 
which  indicate  that  electricity  may 
play  a  role  in  speeding  the  formation 
of  rain  and  also  perhaps  in  supplying 
energy  to  tornadoes. 

Despite  many  recent  advances  in  our 
knowledge  of  atmospheric  electrifica¬ 
tion,  it  still  is  too  fragmentary  and 
inadequate  to  provide  a  sound  scientific 
basis  for  answering  many  of  the  practi¬ 
cal  questions  that  arise  in  our  modern 
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technology.  At  the  present  time,  most 
studies  of  thunderstorm  electricity 
have  been  confined  to  measurements 
made  of  garden  variety  thunderstorms 
occurring  over  land  masses  in  the 
temperate  zone.  It  is  conceivable, 
in  fact  probable,  that  the  electrical 
characteristics  of  storms  occurring 
over  the  water  and  in  other  geographi¬ 
cal  locations  may  differ  in  important 
respects  from  those  that  have  been 
studied.  For  the  most  part,  the  storms 
that  have  been  studied  are  of  an 
intermediate  size  extending  to  alti¬ 
tudes  of  approximately  10  kilometers. 
Very  little  data  has  been  obtained 
c.n  the  very  intense  giant  electrical 
s  :orms  that  extend  to  altitudes  of 
20  kilometers  and  that  produce  light¬ 
ning  at  rates  an  order  of  magnitude 
or  more  larger  than  usual  storms.  Few 
aasurements  have  been  made  of  the 
sometimes  strong  electrification  known 
to  occur  in  large-scale  winter  storms 
and  the  intense  "lake  effect  storms" 
thit  occur  in  the  fall  over  the 
warmer  waters  of  the  Great  Lakes. 

We  do  not  yet  have  the  key  pieces 
of  information  in  strongly  electri¬ 
fied  storms  of  any  kind  necessary 
to  a  satisfactory  understanding  of 
the  electrical  charge  generating 
p-  tss .  We  don't  know  the  nature 
a.  -  origin  of  the  charged  particles 
responsible  for  electrification,  nor 
do  we  understand  -he  convective  cir¬ 
culation  of  the  storm  that  determines 
the  movement  and  accumulation  of 
these  charge  carriers.  Although  it 
has  not  been  possible  to  obtain  this 
information  thus  far  and  although  the 
job  will  certainly  not  be  easy,  it 
now  appears  that  the  job  can  be  done. 
With  our  modern  technology  of  aircraft, 
electrical  instruments,  radar  and 
computers,  we  are  at  last  capable  of 
securing  this  information  and  cutting 
our  understanding  of  cloud  electrifi¬ 
cation  on  a  sound  basis- 


4 


Spark  Simulation  of  Natural  Lightning 


Martin  A.  Uman 

Department  of  Electrical  Engineering 
University  of  Florida 
Gainesville,  Florida  37.601 

ABSTRACT 

Laboratory  sparks  are  often  considered 
to  be  miniature  lightning  and,  cs  such,  are 
sometimes  "3ed  to  simulate  the  effects  of 
natural  lightning  on  aerospace  vehicles.  This 
testing  is  generally  concerned  with  the  vul¬ 
nerability  of  electrical  systems,  mechanical 
parts,  and  f.:el  systems  to  lightning  as  well 
as  a  determination  of  the  likely  lightning 
points-of-s trike. 

Very  little  is  known  about  the  character¬ 
istics  of  the  intracloud,  intercloud,  and 
cloud-to-air  discharge  which  aerospace  vehicles 
generally  encounter.  Cloud-to-ground  dis¬ 
charges,  which  are  occasionally  encountered  and 
about  which  considerably  more  is  known,  appear 
to  be  more  severe.  Most  lightning-simulation 
studies  attempt  to  reproduce  the  properties 
of  cloud-to-ground  lightning. 

The  characteristics  of  natural  lightning 
which  are  of  most  interest  relative  to 
aerospace  vehicle  protection  are  (1)  the 
initial  breakdown  processes,  (2)  the  current 
and  energy  transferred  from  the  lightning 
channel  to  the  vei.lcle,  (3)  the  electric  and 
magnetic  fields  ger.erat-d  ty  a  direct  or  close 
strike,  and  (A)  the  shock  wave  produced  by  the 
expanding  lightning  channel.  Sparks  cannot  be 
used  to  simulate  (1)  adequately  although  they 
can  give  some  idea  of  likeiy  points-of-strike. 
Sparks  or  voltage  and  current  generators  can 
be  used  to  simulate  (2)  to  a  reasonable  degree. 
Sparks  cannot  be  used  to  simulate  (3) ,  and  it 
ic  unlikely  that  a  large  enough  voltage  and 
current  generator  io  practical  to  simulate  (4). 

LIGHTNING  IS  A  TRANSIENT  high-current  electric 
discharge  whose  path  length  is  generally 
measured  in  kilometers  [1].*  Lightning  occurs 
when  some  region  of  the  atmosphere,  usually 
part  of  a  thundercloud,  attains  an  electric 
charge  sufficiently  large  that  the  electric 
field  associated  with  the  charge  causes 
electrical  breakdown  of  the  air.  The  region 
of  the  thunderclojd  charge  which  feeds  the 
typical  cloud-to-ground  lightning  discharge  is 
of  the  order  of  kilometers  in  diameter  and, 
before  lightning  occurs,  consists  primarily  of 
charged  and  uncharged  ice  and  water  particles 
with  a  total  net  negative  charge  of  tens  to 
hundred  of  coulombs. 

Long  laboratory  sparks  ere  often  consid¬ 
ered  to  be  miniature  lightning  and  are  used  to 
to  simulate  lightning.  Ung  sparks  are  used  in 
model  tests  to  determine  lightning's  probable 
point  of  strike.  Long  sparks  are  used  to  test 
the  vulnerability  of  fuel  systems  and  elec¬ 
tronic  equipment  of  commercial  and  military 
aircraft  and  aerospace  vehicles  to  lightning. 


The  validity  of  lightning  testing  using  long 
sparks  is  sometimes  questionable  since,  as  we 
shall  see,  lightning  and  long  sparks  differ  in 
many  of  their  characteristics.  The  physical 
properties  of  the  long  laboratory  sparks 
created  by  impulse  breakdown  by  the  Westing- 
house  6.4  MV  impulse  generator  located  at 
Trafford,  Pa.,  have  been  the  subject  of  a 
number  of  studies  [2j-[6].  Most  sparks  stud¬ 
ied  were  4-m  in  length,  although  2.5-m  and  5-m 
sparks  have  received  some  study.  Since  the 
properties  of  long  laboratory  sparks  are,  to  a 
considerable  extent,  dependent  upon  the 
generator  and  associated  electrical  circuits 
which  produce  the  sparks,  we  will,  in  this 
paper,  confine  cur  discussion  primarily  to 
those  laboratory  sparks  created  by  the 
Westinghouse  Trafford  generator. 

In  the  present  comparison  of  lightning 
with  laboratory  sparks  we  consider  only  those 
lightning  discharges  which  take  place  between 
cloud  and  ground;  that  is,  we  choonc  not  to 
discuss  intracloud,  intercloud,  or  cloud-’to- 
air  discharges.  We  do  this  rev  thrse  rcasens: 
(1)  Much  more  is  known  about  cloud-to-gro ur,d 
lightning  than  about  any  other  type  of  light¬ 
ning  because  the  eioud-to-ground  discharge  io 
usually  visible  and  hence  is  amenable  to 
optical  measurements  (e.g.,  photography, 
spectroscopy);  (2)  Cloud-to-ground  lightning 
is  thought  to  exhibit  higher  values  of  current 
than  cloud  discharges  and  hence  in  that  sense 
is  more  severe;  and  (3)  Most  lightning  simula¬ 
tion  studies  attempt  to  reproduce  the 
properties  of  cloud-to-ground  lightning. 

We  will  compare  the  following  properties 
of  lightning  and  long  laboratory  sparks: 

(1)  the  initial  breakdown;  (2)  electrical 
properties  Including  current  and  energy; 

(3)  the  electric  and  magnetic  fields  gener  - 
ated;  and  (4)  the  shock  wave. 

THE  INITIAL  BREAKDOWN 

A  drawing  of  a  streak  camera  photograph 
of  Che  luminous  features  of  a  could-to-ground 
lightning  discharge  is  shown  in  Fig-  1.  A 
streak  camera  photograph  is  obtained  with  a 
camera  composed  basically  of  a  stationary  lens 
and  a  strip  of  photographic  film  that  is  moved 
horizontally  at  constant  velocity  across  the 
image  plane.  Each  cloud-to-ground  lightning 
discharge  is  made  up  of  one  or  more  intermit¬ 
tent  partial  discharges.  A  total  lightning 
discharge  (whose  time  duration  is  of  the  order 
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time  scale  has  been  distorted,  (b)  The  same  f&ghtning  flash  as  recorded  by  a 
camera  with  stationary  film. 


of  a  half  second)  is  called  a  flash;  each 
component  discharge  (whose  luminous  phase  is 
measured  in  hundreds  of  microseconds)  is  called 
a  stroke.  There  are  usually  three  or  four 
strokes  per  flash,  the  strokes  typically  being 
separated  by  about  40  os.  Each  lightning 
stroke  begins  with  a  weakly  luminous  pre¬ 
discharge,  the  leader  process,  which  propagates 
from  cloud  to'  ground  and  which  is  followed 
immediately  by  a  very  luminous  return  stroke. 
The  return  stroke  propagates  from  ground  to 
cloud. 

The  cloud-to-ground  predischarge  preceding 
the  first  return  stroke  in  a  flash  is  called 
the  stepped  leader.  The  stepped  leader  appears 
to  move  downward  in  luminous  steps  of  typically 
SO-m  length  with  a  pause  time  between  steps  of 
about  50  us.  During  the  pause  time  the 
stepped-leader  channel  is  not  luminous,  or, 
more  properly,  is  not  luminous  enough  to  be 
recorded  on  photographic  film  using  standard 
streak-camera  techniques.  Each  leader  step 
becomes  bright  and  observable  in  a  time  less 
than  a  microsecond.  In  Fig.  1  the  50-m  steps 
appear  as  darkened  tips  on  the  faintly  luminous 
channel  which  extends  upward  into  the  cloud. 

The  typical  average  velocity  of  the  stepped 
leadcL  during  its  trip  to  the  ground  is 
1.5  x  10s  m/s.  From  electric  field  measurements 
made  during  the  ctepped  leader  process,  it  has 
been  determined  that  a  typical  stepped  leader 
has  of  the  order  of  5  C  of  negative  charge 
distributed  over  its  length  when  it  is  near 
ground.  The  average  currents  which  must  flow 
in  the  stepped  leader  to  deposit  this  amount  of 
charge  in  tens  of  milliseconds  of  travel  tine 
to  ground  are  of  the  order  of  102  A.  Peak 
currents  in  leader  steps  are  of  the  order  of 
103  A  [7],  Undoubtedly,  there  are  electrical 
and  luminous  phenomena  occurring  in  the  step¬ 
ped  leader  on  a  time  and  distance  scale  much 
smaller  than  have  been  observed. 

When  the  stepped  leader  has  lowered  a 
charged  column  of  high  negative  potential  to 
near  the  ground,  the  resulting  high  electric 
field  at  the  ground  is  sufficient  to  cause 
upward-moving  discharges  to  be  launched  from 
the  ground  or  from  objects  on  the  ground  to¬ 
ward  the  leader  tip.  When  one  of  these 
discharges  contacts  the  leader,  the  bottom  of 
the  leader  is  effectively  connected  to  ground 
potential  while  the  remainder  of  the  leader 
is  at  negative  potential  and  is  negatively 
charged.  The  situation  is  somewhat  similar 
to  a  transmission  line  charged  tc  a  constant 
potential  with  a  short  circuit  applied  at  its 
end.  The  leader  channel  acts  like  a  trans¬ 
mission  line  (nonlinear)  supporting  a  very 
luminous  return  stroke.  The  return-stroke 
wavefront,  an  ionizing  wavefront  of  high 
electric  field  intensity,  carries  ground 
potential  up  the  path  forged  previously  by 
the  stepped  leader.  The  return-stroke  wavefront 
propagates  at  a  velocity  of  typically 
one-third  to  ona-tenth  the  speed  of  light, 
making  the  round  trip  between  cioud-to-ba3e  and 


ground  in  a  time  of  the  order  of  70  us.  The 
region  between  the  return-stroke  wsvefront  and 
ground  is  traversed  by  large  currents.  The  net 
negative  charge  deposited  on  the  leader  channel 
is  effectively  lowered  to  earth  through  the 
highly  conducting  channel  beneath  the 
return-stroke  wavefront. 

After  the  stroke  current  has  ceased  to 
flow,  the  lightning  flash  may  be  ended.  On 
the  other  hand,  if  additional  charge  is  made 
available  to  the  top  of  the  channel,  the 
flash  may  contain  additional  strokes.  (The 
flash  is  then  termed  a  multiple-stroke  flash.) 
If  additional  charge  is  made  available  to  the 
decaying  return-stroke  channel  in  a  time  less 
than  about  100  ms,  a  continuous  or  dart  leader 
will  traverse  that  return-stroke  channel, 
increasing  its  degree  of  ionization,  depositing 
charge  along  the  channel,  and  carrying  the 
cloud  potential  earthward  once  more.  The 
dart  leader  thus  sets  the  stage  for  the  second 
(or  any  subsequent)  return  stroke.  The  dart 
leader  appears  to  be  a  luminous  section  of 
channel  about  50  m  in  length  which  travels 
smoothly  earthward  at  about  2  x  106  m/s,  an 
order  of  magnitude  faster  than  the  average 
velocity  of  the  stepped  leader.  Schematic 
drawings  of  streak-camera  photographs  of  dart 
leaders  are  shown  in  Fig.  1.  If  the  current 
in  the  previous  return  stroke  has  ceased  to 
flow  for  several  hundreds  of  milliseconds, 
any  subsequent  stroke  will  be  preceded  by  a 
stepped  leader  whose  path  is  different  from 
that  of  the  decayed  channel. 

As  we  have  seen,  cloud-to-ground  light¬ 
ning  is  initiated  by  a  stepped  leader. 

Exactly  how  the  stepped  leader  forms  and  how 
it  manages  to  funnel  negative  charge  pre¬ 
viously  stored  in  a  relatively  large  volume 
of  cloud  into  a  relatively  narrow  leader 
channel  is  not  understood.  There  has  been 
a  great  deal  of  speculation  about  how  the 
stepped  leader  gets  started  and  how  it 
propagates  (with  most  attention  being  given  to 
the  reasons  for  the  steps).  Unfortunately, 
however,  no  quantitative  theory  of  the  stepped 
leader  is  available  nor  is  there  any 
consensus  agreement  that  any  one  of  the 
qualitative  theories  is  adequate.  Thus  our 
knowledge  of  the  lightning  breakdown  process 
is  primarily  observational.  Unfortunately, 
mucli  the  same  state  of  affairs  exists  rela¬ 
tive  to  our  understanding  of  long  laboratory 
sparks.  Worse  yet,  while  lightning  occurring 
at  different  locations  around  the  world 
appears  to  have  stout  the  same  characteristics, 
sparks  studied  by  different  investigators 
appear  to  have  very  different  characteristics. 

The  luminous  features  of  the  breakdown 
process  leading  to  the  4-m  sparks  produced  by 
the  Westing’nouse  Trafford  generator  have  been 
studied  using  a  TRW  image  converter  camera  at 
a  distance  of  about  20  m  from  the  spark  f 5 J . 
The  voltage  applied  across  the  rod-plane  gap 
would  have  been  a  standard  1.5  x  40  wave  (1.5 
ns  to  peak  and  40  us  to  half  value)  with  a 
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crest  value  of  approximately  3.3  x  106  V  in 
the  absence  of  gap  breakdown  and  corona  load. 
For  a  negative  rod  and  grounded  plane  this 
voltage  is  about  20  percent  above  chat  required 
for  breakdown. 

No  luminous  processes  are  recorded  by  the 
image  converter  camera  until  about  3  or  4  us 
after  the  application  of  the  negative  voltage 
to  the  rod.  At  that  time  a  secondary  streamer 
(the  terminology  advocated  by  Loeb  [ 8 ]T  or 
leader  (in  analogy  to  the  lightning  leader) 
emerges  trom  the  rod  and  propagates  continu¬ 
ously  toward  the  plane  at  about  2  x  106  m/s. 

As  it  propagates,  it  becomes  brighter.  Before 
the  downward-moving  leader  has  crossed  half  of 
the  gap,  one  or  more  upward-moving  leaders  are 
Initiated  from  the  plane.  The  downward-moving 
leader  end  one  of  the  upward-moving  leaders 
meet,  usually  just  below  mid-gap,  and  a  bright 
luminosity  or  return  stroke  (in  analogy  to 
lightning)  is  propagated  from  the  junction  both 
upward  and  downward  toward  the  two  electrodes 
at  about  3  x  107  a/s.  The  return  stroke  is 
initiated  about  5  us  after  the  application  of 
the  voltage.  The  junction  of  the  downward  and 
upward-moving  leaders  is  frequently  character¬ 
ized  by  a  region  of  multiple  channels. 

The  image-converter  photographs  showed 
no  primary  streamers  (Loeb'e  terminology  [8]) 
or  impulse  corona  (the  notation  used  in  moat 
of  the  earlier  literature  [9,10]  prior  to  the 
lea  .er's  appearance  as  had  been  observed  by 
Saxe  and  Meek  [9],  Park  and  Cones  [10], 
Kritzinger  [11],  and  others  for  gaps  about  1  m 
or  smaller.  The  image  tube  threshold  was 
probably  not  low  enough  to  record  the  impulse 
corona.  Evidence  for  the  existence  of  impulse 
corona  was,  however,  found  in  electrical 
current  and  photoelectric  measurements. 

From  a  general  point  t-f  view,  the 
luminous  breakdown  modes  of  the  long  spark 
between  a  negative  rod  and  a  grounded  plane 
and  of  lightning  are  similar,  Both  discharges 
are  initiated  by  a  downward-propagating  nega¬ 
tively  charged  leader  which  can  be  relatively 
easily  photographed.  The  leader  is  met  jy  an 
upward-going  discharge,  an-  this  meeting  is 
followed  by  a  return  stroke.  Undoubtedly, 
undetected  luminous  processes  (primary 
streamers,  impulse  corona)  precede  the  ob¬ 
served  lightning  stepped  leader  as  they  do 
the  spark  leader.  Or.  the  other  hand,  the 
lightning  stepped  leader  and  the  spark  leader 
appear  to  be  quite  different.  The  spark 
leader  has  a  velocity  about  an  order  of 
magnitude  greater  than  the  average  velocity 
of  the  lightning  stepped  leader.  The  spark 
leader  moves  continuously  (at  least  within 
the  time  and  spatial  resolution  of  the 
measurements),  while  the  lightning  leader 
moves  discontinuously  in  steps  whose  charac¬ 
teristic  length  i3  many  tens  of  meters.  The 
characteristic  length  of  one  leader  step  is 
about  the  length  of  the  longest  laboratory 
spark  that  at  present  can  be  created.  It 
should  be  pointed  out,  however,  that  3park 
leaders  produced  by  1.5  x  40-pa  impulse  voltages 


have  a  velocity  which  is  dependent  on  the 
Impulse  generator  circuit  Impedances  and, 
further,  that  spark  leaders  may  apparently  be 
made  to  stap  If  the  circuit  impedances  are 
properly  adjusted  [9,12].  In  addition,  spark 
leaders  produced  by  applied  gap  voltages  which 
rise  to  peak  in  a  time  of  the  order  of  100  us 
(so-called  "switching  surge"  voltages)  have 
been  reported  to  step  although  it  is  not  known 
whether  this  stepping  ia  a  characteristic  of 
the  breakdown  or  of  the  circuit  impedances  [12], 
It  is  not  known  whether  the  mechanism  for  the 
stepping  of  laboratory  spark  leaders  is  related 
to  the  mechanism  for  the  stepping  of  the  light¬ 
ning  leader. 

The  lightning  or  laboratory-spark  strike 
point  is  determined  by  which  upward-going 
discharge  contacts  the  downward-moving  leader. 
The  most  significant  upward-moving  discharge 
is  generated  in  the  region  of  highest  electric 
field.  The  electric  field  is  determined  by 
)  tha  charge  on  the  e.lectrodes  and  on  the 
leader  and  (2)  the  space  charge  in  the 
inter-electrode  gap.  Adequate  spark  simula¬ 
tion  of  lightning  strike-points  depends  on  the 
similarity  of  the  lightning  and  spark  situation 
just  prior  to  the  strike.  Since  conducting 
surfaces  of  small  radius  of  curvature  greatly 
enhance  the  ambient  electric  field.  It  would  be 
expected  that  both  lightning  and  laboratory 
sparks  would  strike  these  surfaces.  Thus  spark 
simulation  of  strike  points  is  physically 
reasonable.  Errors,  however,  could  be  made  if 
the  space  charge  field  is  appreciable  and 
if  there  are  significant  differences  in  the 
space  charge  configurations  in  the  spark  and 
lightning  cases.  More  space  charge  would  be 
expected  in  the  lightning  case  since  the 
discharge  takes  longer  to  develop  and  strong 
ambient  electric  fields  are  usually  present 
before  the  discharge. 

ELECTRICAL  PROPERTIES 

We  begin  this  section  by  estimating  the 
electrical  energy  available  to  produce  light¬ 
ning.  If  we  imagine  the  negative-charge  region 
of  the  thundercloud  to  be  the  upper  electrode 
of  a  capacitor  and  the  ground  to  be  the  lower 
electrode,  the  available  energy  Is  QV/2  where 
Q  is  the  charge  initially  stored  in  the  cloud 
and  then  brought  to  earth  during  the  discharge 
and  V  is  the  potential  difference  between  the 
charge  region  and  ground.  The  charge  Q  is  of 
the  order  of  tens  of  coulombs,  A  charge  of 
this  magnitude  contained  in  a  sphere  of  radius 
1  km,  whose  center  was  a  few  kilometers  above 
ground,  would  produce  a  potential  difference 
between  the  surface  of  the  cbarge-containirg 
volume  and  ground  of  the  order  of  108V.  The 
resultant  electrical  energy  stored  is  of  the 
order  of  109j.  It  follows  that  for  a  typical 
multipl£"Stroke  flash  of  a  few  kilometers 
length,  the  energy  available  per  stroke  per 
meter  of  channel  is  roughly  105J/m. 

The  return  stroke  current  measured  at 
ground  consists  of  the  current  contribution 
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due  to  the  upward-propagating  discharge 
followed  by  the  current  due  to  the  return 
stroke.  Lightning  current  waveforms  at  ground 
for  first  and  subsequent  strokes  are  shown  in 
Fig.  2  (13,14).  The  time  from  detection  of 
measurable  current  to  peak  current  for  first 
strokes  is  generally  about  10  us  and  for 
subsequent  strokes  is  1  us  or  less.  Current 
rates-of-rise  in  excess  of  80  kA/us  have  been 
measured.  Peak  return-stroke  currents  are 
generally  10  to  20  kA.  but  a  few  reliable 
values  in  excess  of  100  kA  have  been  obtained. 
The  lightning  current  is  usually  less  than  lO^A 
after  about  100  ws  and  generally  has  a  total 
duration  of  a  few  milliseconds  unless  a 
"continuing  current"  flows.  Continuing 
currents  cf  the  order  of  102A  may  flow  for  tens 
or  even  hundreds  of  milliseconds.  First  return 
strokes  have  larger  peak  currents  than 
subsequent  strokes.  On  the  average,  first 
return  strokes  discharge  to  earth  of  the  order 
of  5  C  of  charge,  subsequent  strokes  of  the 
order  of  1  C. 

Return  stroke  currents  flowing  in  light¬ 
ning  channels  above  ground  have  recently 
been  determined  [IS]  from  measurements  of  the 
electric  fields  generated  by  lightning.  In 
this  study,  both  first  and  subsequent  stroke 
currents  reached  peak  in  about  1  us.  From  a 
small  sample  of  98  strokes  in  21  flashes  there 
were  several  peak  currents  in  the  100  ki.  range. 
The  fastest  observed  current  rate  of  rise  was 
near  200  kA/us.  Channel  currents  almost  always 
were  found  to  have  much  sharper  peaks  than 
currents  measured  in  grounded  towers  or  tall 
buildings. 

Marx  circuit  generators  can  be  used  to 
produce  lightning-like  current  rise-times 
and  peak  values.  Whether  the  same  generator 
can  produce  lightning-like  current  decay-times 
and  continuing  currents  is  mainly  a  property 
of  the  Initial  energy  stored  in  the  generator. 
In  general,  laboratory  generators  cannot,  and 
additional  current  sources  are  used  for  charge 
transfers  exceeding  about  1C,  The  typical 
lightning  input  energy  per  unit  length  of 
channel,  105J/tn,  is  over  an  order  of  magnitude 
greater  than  the  Westinghouse  spark  input 
energy  per  unit  length,  5  x  103J/m.  That  the 
lightning  energy  input  is  much  greater  also 
follows  from  the  fact  that  thunder  is  composed 
of  lower  frequencies  than  the  noise  from  the 
sparks  as  we  shall  discuss  later.  The 
Westinghouse  spark  current  and  charge  transfer 
ciosely  resemole  the  current  and  cc  :rge  transfer 
of  a  weak  lightning  subsequent  st'.oke.  It  iray 
well  be  that  the  values  of  electric  field  and 
peak  power  dissipation  in  the  spark  and  light¬ 
ning  channels  arc  not  very  much  different;  that 
the  main  contributor  to  the  input  energy  dif¬ 
ferences  are  the  different  magnitudes  and  time 
scales  of  the  currents  and  charges. 

Lightning  damage  to  aerospace  vehicles 
dua  to  ther-al  effects  of  mechanical  stress 
is  generally  related  to  the  value  of  current 


flowing  at  and  near  the  damage  point.  Simu¬ 
lation  of  these  effects  by  current  generators 
is  therefore  reasonable. 

ELECTRIC  AND  MAGNETIC  FIELDS 

The  electric  and  magnetic  fields  from 
close  lightning  can  induce  deleterious  volt¬ 
ages  and  currents  in  electronic  circuits.  An 
example  of  these  fields  at  3  km  height  from  a 
straight,  vertical  return  stroke  of  average 
current  a  distance  of  10  m  feseentially  a 
direct  hit)  and  100  m  away  is  given  in  Fig.  3. 
Electric  fields  approaching  10°  V/m  which  vary 
on  a  microsecond  time-scale  are  apparently 
present  in  the  event  of  a  direct  hit.  Relative¬ 
ly  large  voltages  will  inevitably  be  picked-up 
in  any  unshleld  electronic  circuitry.  The 
magnetic  field  at  ten  meters  is  such  that  a 
loop  of  1  m2  area  will  have  about  500  V 
generated  around  it.  Electric  and  magnetic 
fields  from  more  distant  lightning  should  be 
similar  to  the  electric  fields  given  in  [15] 
and  [16]. 

A  laboratory  spark  carrying  a  lightning- 
' ike  current  will  not  produce  the  waveforms 
lown  in  Fig.  3.  The  fields  from  the 
, iboratory  spark  will  be  due  to  a  complete 
current  loop  including  the  generator  as  well 
as  the  spark.  The  close  lightning  fields  are 
strongly  dependent  on  the  return  stroke 
velocity,  and  the  fact  that  the  wavefront  is 
propagating.  In  the  laboratory  spark  the 
return  stroke  phase  has  ended  during  the  early 
parts  of  the  current  waveform.  It  Is  probably 
possible  to  tailor  a  voltage  source  to  be 
appliel  between  two  large  parallel  planes  (the 
object  to  be  tested  would  be  placed  between 
the  planes)  so  that  it  would  produce  electric 
fields  similar  to  those  of  Fig.  3.  The 
magnetic  field  could  be  generated  from  an 
Independent  current  source. 

THE  SHOCK  WAVE 

When  energy  is  pumped  into  the  leader 
channe*  by  the  return  stroke  current  and 
electric  field,  the  radially  expanding  return 
stroke  channel  acts  as  a  piston  creating  an 
outward  propagating  shock  wave.  If  the  shock 
wave  is  generated  by  a  given  straight  section 
of  channel,  it  should  be  a  cylindrical  shock 
until  it  is  further  avay  from  the  channel 
section  than  the  len  ;th  of  that  section. 

Beyond  that  point,  tbr  shock  wave  might  be 
expected  to  make  a  tnnsition  to  more  of  a 
spherical  shock  wave  ;.nd  eventually  to  a 
sound  wave.  Since  the  lightning  channel  is 
very  tortuous,  it  is  reasonable  to  expect,  to 
a  first  approximation,  that  thunder  from  dis¬ 
tant  ’ightning  is  the  s jperposition  of  many 
sound  waves  [17]. 

No  reliable  pressure  measurements  have 
been  made  within  a  few  meters  of  a  lightning 
channel,  but  there  is  a  considerable  body  of 
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theory  available  predicting  the  shock  over¬ 
pressures  and  waveshapes  to  be  expected  for  a 
given  energy  Input  to  the  shock  wave  [18,24] . 
Since  the  energy  input  to  the  shock  wave 
determines  the  shock  waveshape,  it  also 
determines  the  acoustic  frequency  spectrum. 
Thus  the  thunder  frequency  spectrum  is  a 
measure  of  the  energy  input  to  the  shock  wave. 
It  is  customary  to  assume  that  the  bulk  of 
the  electrical  energy  input  to  a  lightning 
channel  ends  up  in  the  shock  wave.  (Only  a 
small  fraction  of  the  input  energy  to  the 
long  spark  escapes  the  discharge  channel  as 
radiation  or  is  stored  in  the  channel  as 
heat  [3,6],  so  that  this  assumption  would 
appear  reasonable.)  With  some  assumptions 
about  the  form  of  the  transition  from  cylin¬ 
drical  to  spherical  shock  waves  and  the  use 
of  available  theory,  Few  [25]  has  derived 
the  following  formula  describing  the  relation 
between  the  peak  frequency  f  of  the  thunder 
acoustic  BO'-ctrum  the.  energy  input  Y ei  unit 

i.engf1'  t0  the  channel  W  in  Joules  and  the 
ambient  pressure  P  in  Newtons/m2 

f  -  0.63  C(£)1/2  (1) 

where  C  is  the  speed  of  sound  in  m/s.  For  a 
frequency  spectrum  peak  in  the  range  20  to  100 
Hz  [25],  the  energy  input  per  unit  length 
computed  from  <T)  is  in  the  range  3  x  10s  to 
8  x  106  J/m,  values  somewhat  larger  than  our 
previous  estimate  of  10s  J/m. 

On  the  other  hand,  Ploocter's  [22-24] 
calculations  show  an  input  energy  to  the 
channel  of  about  10,lJ/m  or  less,  at  least 
an  order  of  magnitude  lower  than  our  estimate. 
The  expected  overpressure  for  an  energy  input 
of  105  J/m  is  about  1  atmosphere  a  moter  or 
so  from  the  channel  and  10  to  100  atmospheres 
a  few  centimeters  from  the  channel.  The 
overpressure  scales  linearly  with  energy  input 
as  long  as  the  overpressure  considerably 
exceeds  unity. 

Shock  waves  observed  close  ro  the 
Weetingh'' jse  spark  are  of  the  N-wave  type 
[6].  Farther  away  from  the  spa'-1'  than  about 
a  channel  length,  multiple  shock  waves  are 
usually  observed.  Apparently,  different 
sections  of  the  tortuous  spark  channel  produce 
individual  shock  waves  as  has  been  hypothesized 
to  be  the  case  for  the  tortuous  lightning 
channel . 

Equation  (1)  has  been  tested  cn  the  long 
spark  and  works  reasonably  well  for  measure¬ 
ments  made  about  20  m  from  the  channel,  a 
frequency  spectrum  peak  of  about  1400  Hz  being 
measured  at  about  20  m  for  an  energy  input  of 
5  x  103  J/m  [3,6].  The  spark  shock  wave, 
however,  lengthens  as  a  t.nction  of  distance 
from  the  source  [6].  Unfortunately,  no 
measurements  have  been  made  beyond  20  m.  The 
effect  of  the  lengthening  of  the  shock  wave  is 
to  make  the  constant  in  (1)  distance  dependent; 
it  must  become  smaller  with  increase  in  dis¬ 
tance  from  the  channel.  The  result  is  that  use 


of  (1)  for  distant  thunder  may  well  produce 
an  overestimate  of  the  actual  lightning  energy 
input,  as  would  appear  to  be  the  case  the 

high  values  of  energy  computed. 

For  the  long  spark  there  are  sor-  ,  ->■ 

titative  discrepancies  between  the  me:  ~J 

shock  overpressures  and  waveshapes  close  to 
the  channel  and  the  theoretical  values  [6].  A 
detailed  discussion  of  the  possible  reasons  for 
these  discrepancies  has  been  given  in  [6]  aud 
in  [23]. 

In  any  event,  it  is  probable  that  both 
lightning  and  long  spark  acoustic  radiation 
are  primarily  functions  of  the  electrical 
energy  input  to  the  lightning  or  spark  channels 
and  the  shape  of  the  channels.  It  follows  that 
both  the  spark  and  lightning  acoustic  param¬ 
eters  probably  scale  as  the  same  function  of 
the  energy  input,  and  thus  that  spark  genera¬ 
tors  canrot  generate  lightning-like  shock 
vevco  unless  they  can  deliver  about  105  J/m 
to  the  spark  channel. 

CONCLUSIONS 

Lightning  simulation  using  spark 
generators  is  not  exact  and  in  some  aspects 
(e.g.  electromagnetic  radiation,  shock  wave) 
is  very  poor.  On  the  other  hand,  lightning 
currents  can  be  well  simulated  and  strike-point 
determitations  made  with  some  degree  of 
confidence.  Lightning  simulation  using  sparks 
is  necessary  and  valuable.  It  is  important, 
however,  to  keep  in  mind  the  limitations  of 
this  type  of  testing. 
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VARIOUS  CONSIDERATIONS  went  into  the  planning 
of  this  session.  First,  it  was  observed 
that  this  conference  has  a  strong  aerospace 
orientation  so  that  the  topicr  covered  should 
ultimately  be  relatable  to  problems  or  techniques 
of  interest  to  the  aerospace  community.  On  the 
other  hand,  it  was  observed  that  if  wo  restrict 
our  considoratlon  strictly  to  work  carried  out 
in  our  own  community,  we  run  the  risk  of 
becoming  parochial  in  our  thinking,  and  of 
overlooking  important  applicable  work  being 
carried  out  by  scientists  in  other  aroas.  (In 
reviewing  the  proceedings  from  the  previous 
conferences  in  this  series,  one  is  struck  by  the 
fact  that  the  authors  were  almost  exclusively 
active  in  the  aerospace  field.)  Accordingly, 
the  first  two  papers  in  this  session  "ice  Crystal 
Electrification"  and  "Processes  of  Frictional 
Electrification"  are  being  presented  by  univer¬ 
sity  professors  whose  interests  range  from 
atmospheric  electricity  and  its  generation  to 
the  electrostatic  benefication  of  mineral  ores 
in  mining.  Their  two  papers  are  concerned  with 
static  electrification  processes  in  general. 

They  discuss  the  physical  mechanisms  involved  in 
the  charge  separation  process,  and  indicate  our 
degree  of  understanding  of  static  electrification. 
A  reasonable  familiarity  with  electrification 
processes  and  the  state  of  our  understanding  of 
them  is  essential  to  effective  functioning  in 
the  area  oi  static  electricity.  One  is  constant¬ 
ly  faced  with  situations  in  which  the  presence 
of  electrostatic  charging  must  be  recognized 
and  analyzed,  and  either  enhanced  or  eliminated. 
To  hope  to  achieve  these  goals,  one  must  be 
familiar  with  the  fundamental  processes  involved. 
Of  equal  or  perhaps  greater  importance  is 
acquiring  the  ability  to  recognize  situations 
where  one  must  accept  the  electrification  and 
adjust  matters  so  that  one  can  Mve  with  it. 

Although  we  are  all  familiar  with  many  of 
the  manifestations  of  static  electrification 
(most  of  them  troublesome)  such  as  the  spark  one 
gets  after  walking  across  a  dry  rug,  they  toko  a 
wide  variety  of  forms  and  occur  with  unexpected 
frequency  in  systems.  Often  the  electrostatic 
processes  cr  the  possibility  of  such  processes 
are  not  recognized  until  one  or  more  system 
malfunctions  have  occurred.  Since  these  mal¬ 
functions  can  have  catastrophic  consequences,  it 
is  important  to  be  aware  of  possible  electro¬ 
static  effects  so  that  steps  can  be  taken  for 
their  circumvention  enrly  in  the  system  design 


ar.d  development  program.  The  third  paper, 

"Effects  of  Static  Electrification  on  Systems", 
provides  a  wide  ranging  review  of  electro¬ 
static  incidents  and  their  causes.  The  incidents 
discussed  range  from  events  with  which  one 
normally  associates  static  electricity  to 
unusual  and  surprising  manifestations  of  electrif¬ 
ication.  The  locales  considered  include  the 
earth,  space,  and  even  the  moon.  The  devious 
ways  in  which  electrification  manifested  itself, 
and  its  ubiquitous  nature  are  of  particular 
Interest  in  that  they  indicate  the  care  that 
must  be  taken  to  consider  all  aspects  of  static 
electrification  in  system  design.  An  important 
feature  of  this  paper  is  its  extensive  biblio¬ 
graphy  which  permi ts  one  to  secure  additional 
details  regarding  th  i  incidents  described. 

One  of  the  ways  in  which  static  elects”  f- 
lcation  manifests  itself  is  in  the  generation 
and  coupling  of  noise  inti  systems.  In  the 
past,  considerable  work  has  been  done  to 
characterize  precipitation  static  noise  sources 
and  to  measure  the  noise  coupling  to  systems. 

Most  of  this  work  was  done  over  10  years  u go 
using  state-of-the-art  .  ..trumrntation  and 
analytical  tools.  Recently,  in  connection 
with  EMP  studies,  the  problem  of  analyzing 
transient  pulse  generation  and  coupling  has 
received  considerable  attention.  Sophisticated 
measurement  systems  have  beer,  developed,  and 
powerful  analytical  tools  have  evolved.  The 
fourth  paper,  "Techniques  for  the  Study  of 
Noise  Generation  and  Coupling”  describes  some 
of  these  new  techniques  and  indicates  how  they 
can  be  used  (in  somewhat  more  modest  form)  to 
study  static  noise  generation  and  coupling. 

The  paper  considers  analytical  methods  in 
considerable  detail,  and  points  out  the  trade¬ 
offs  between  time  domain  and  frequency  domain 
analysis.  In  particular,  the  pitfalls  oi 
trying  to  take  shortcuts  with  eitl'rr  approach 
arc  discussed.  It  is  concluded  that  a  proper 
analysis  requires  a  certain  amount  of  effort 
and  thai  operating  in  one  or  the  other  of  the- 
domnins  does  not  significantly  alter  the  tntal 
effort  required.  The  paper  also  discusser 
powerful  experimental  modelling  techniques  that 
are  now  possible  with  the  advent  of  sampling 
oscilloscopes  and  subranosecoml  pulse  generators. 
These  techniques  should  have  wide  application 
in  the  study  of  transient  signal  coupling. 

At  first  glance  it  might  seem  that  the 
fifth  paper,  "Structure  of  Lightning  Noise — 
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Especially  above  HF"  is  out  of  place  in  this 
session,  and  that  it  should  be  in  a  session 
devoted  to  lightning.  Actually  its  inclusion 
here  is  in  koeplng  with  the  convention  followed 
at  the  two  previous  conferences  in  this  series. 

The  lightning  sessions  have  concentrated  largely 
on  the  consequences  of  high  stroke  currents 
flowing  in  a  system,  while  the  etatic  electricity 
sessions  have  concerned  themselves  with  the  more 
subtle  noise  sources.  The  paper  reports  an 
experimental  work  carried  out  by  the  authors  and 
others  to  study  the  frequency  structure  of  the 
noise  radiated  by  lightning.  This  noise  can 
couple  into  systems  in  an  analogous  manner  to 
the  EMP  coupling.  The  work  is  also  significant 
here  in  that  it  suggests  techniques  for  the 
rapid,  precise  location  of  the  VHF  impulses  from 
lightning  and  therefore  of  the  associated  light¬ 
ning  channels  -  even  within  a  cloud.  The  ability 
to  locate  and  identify  these  VHF  pulses  has 
important  possibilities  in  the  study  of  lightning 
itself  and  also  in  the  development  of  light¬ 
weight  lightning  avoidance  systems. 

The  sixth  and  final  paper  "Equations  of  Ion 
Motion"  considers  the  problem  of  getting  charges 
to  move  in  air.  It  is  Important  to  recognize 
that  the  charges  always  exist  as  ions,  and  tnat 
their  motion  is  controlled  by  collisions  between 
the  ions  and  air  molecules.  Since  the  motion  of 
ions  under  these  conditions  is  very  3low,  they 
form  enormous  space  charge  sheaths  around  dis¬ 
charge  points,  and  limit  the  current  that  can  be 
discharged.  Recognition  of  these  facta  of  ion 
motion  is  essential  to  the  intelligent  design  of 
discharging  systems. 

In  reviewing  the  papers  in  this  session, 
one  is  struck  by  the  fact  that  none  deal  with 
useful  applications  of  static  electricity.  This 
was  not  done  deliberately,  but  stems  from  the 
fact  that,  until  recently,  very  few  systems  used 
static  electricity  deliberately.  Tl.e  situation 
is  gradually  changing  (Xerox  in  the  United  States, 
and  rotating  static  machines  for  generation  of 
high  voltage  in  Europe),  and  at  the  next  confer¬ 
ence  it  might  be  desirable  to  deliberately  seek 
out  at  least  one  paper  on  useful  applications  of 
static  electricity  to  gc*  "r  inicking  positively. 
After  fighting  static  electricity  and  its  effects 
all  chis  time  we  don't  want  to  miss  some  positive 
applications. 

Also,  in  reviewing  the  papers  in  this 
session  and  in  the  conference  in  general,  it  is 
apparent  that  all  the  authors  are  from  North 
Ameilca;  whereas  in  the  past  we  have  included 
papers  from  Europe.  This  restriction  of  authors 
is  not  deliberate,  and  undoubtedly  stems  from  the 
fact  that  there  was  so  much  lightning  and  static 
electricity  work  going  on  here  during  the  past 
two  years  that  the  session  organizers  filled 
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their  sessions  immediately  without  considering 
less  familiar  activity  in  Europe.  This  is 
unfortunate  because  we  have  benefitted  in  the 
past  from  the  exchange  of  information  with 
European  engineers. 

In  summary,  the  following  observations 
appear  appropriate  regarding  the  area  of 
static  electricity.  R.  Ellison's  paper  shows 
the  wide  variety  of  ways  in  which  static  elect¬ 
ricity  has  affected  systems  in  the  past.  We 
should  expect,  therefore,  that  new  effects  will 
manifest  themselves  in  the  future.  These  will 
have  to  be  tracked  down  and  "fixes"  for  them 
developed.  Accordingly,  we  should  be  prepared 
for  continuing  activity  involving  systems 
designers  working  with  specialists  in  static 
electricity.  As  new  effects  are  unearthed,  it 
will  also  be  necessary  to  develop  new  analytical 
and  experimental  techniques  to  further  our 
understanding  of  the  basic  processes  involved. 

At  the  same  time,  considerable  effort  will  have 
to  be  devoted  to  the  development  of  new  hardware 
and  fabrication  techniques  to  cope  with  the  new 
effects,  A  good  example  of  a  "new  effect"  is 
the  aircraft  windshield  charging  problem 
discussed  in  the  next  session.  It  has  been 
known  for  years  that  windshields  become  charged 
and  that  the  development  of  a  tough,  transparent, 
conductive  coating  would  be  desirable.  In  the 
past,  however,  it  has  been  possible  to  live  with 
the  problem.  Now,  with  the  advent  of  larger 
windshields  and  for  other  reasons,  the  problem 
can  no  longer  be  tolerated.  Work  is  now  under¬ 
way  to  devise  acceptable  ways  of  discharging 
the  outer  surfaces  of  windshields. 

Not  only  is  the  impact  of  static  electricity 
on  systems  likely  to  continue,  it  may  be 
expected  to  increase.  The  increasing  sophistic¬ 
ation  and  miniaturization  of  aerospace  systems 
has  also  rendered  their,  increasingly  susceptible 
to  static  electricity.  This  increased  basic 
susceptibility  will  probablj  continue  to  grow. 

For  example,  solid-state  devices  are  now  used 
almost  exclusively  in  newly  developed  electronic 
systems.  Because  these  systems  operate  at 
lower  energy  levels  than  vacuum  tube  counter¬ 
parts,  they  arf  more  prone  to  upset.  The  active 
components  in  these  systems  can  be  damaged  or 
destroyed  by  muo.  lower  energy  levels  thnn 
vacuum  tubes.  Field  effect  transistors  are 
particularly  susceptible  in  this  regard. 

Reducing  susceptibility  by  discontinuing 
the  use  of  sensitive  components  in  these  systems 
is  not  a  tenable  approach:  their  elimination 
would  moan  that  the  desired  system  could  not  be 
built.  The  use  of  solid-state  devices  also 
allows  much  more  complex  systems  within  a  given 
weight  and  volume.  This  means  that  digital 
computers  and  control  systems  are  feasible, 
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and,  indeed,  attractive.  Unfortunately,  a 
single  noise  pulse  coupled  into  a  computer 
logic  system  at  a  critical  time  can  cause  the 
computer  to  malfunction. 

The  papers  of  Prof.  Dawson  and  Prof,  Inculet 
indicate  that  our  understanding  of  basic  electrif¬ 
ication  processes  is  far  from  eon|Jlete.  In  fact, 
Prof.  Inculet's  observation  that,  "vfe  have  now 
progresseu  to  the  point  that,  under  rigidly 
controlled  conditions,  we  can  predict  the 
polari ty  of  the  charging.",  indicates  that  much 
basic  work  remains  to  be  done.  In  this  area, 
it  is  important  for  our  purposes  that  a  reason¬ 
able  balance  be  maintained  between  extremely 
"clean"  experiments  which  are  satisfying  to  tne 
physicist,  but  provide  little  practical  guidance 
to  the  systems  designer,  and  overly  specialized 
"dirty"  experiments  which  apply  only  to  a  single 
situation. 

Finally,  it  appears  that  there  are  areas  in 
which  the  application  of  newly-developed  concepts 
and  techniques  should  b*  pursued.  For  example, 
the  Cianos-Oetzel-Pierce  (C-O-P)  lightning 
locator  could  be  operated  on  an  aircraft  in 
conjunction  with  the  weather  radar  system  to 
compare  the  radar  returns  from  stora  ceils 
producing  lightning  with  the  returns  from 
passive  sells.  This  would  undoubtedly  give  us 
new  insights  into  the  problem  of  lightning  avoid¬ 
ance.  The  C-O-P  location  system  could  be  used  in 
a  more  basic  experiment  to  identify  the  temporal 
and  spatial  sequence  of  the  VHF  radiators  around 
and  within  a  thundercloud,  and  thereby  to  deline¬ 
ate  the  development  of  lightning  channels  in  a 
manner  which  up  to  now  has  been  entirely  impos¬ 
sible. 

We  may  observe  in  closing,  therefore,  that 
there  are  a  sufficient  number  of  challenging 
avenues  to  explore  that  activity  in  the  area  of 
static  electricity  can  continue  at  its  present 
pace  and  assure  us  of  new  and  interesting  topics 
for  papers  two  years  from  now. 
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ABSTRACT 

A  review  is  given  of  some  of  the  more 
important  processes  whereby  ice  crystals  and 
particles  in  the  atmosphere  can  become  charged. 
It  is  pointed  out  that  the  relative  importance 
of  these  charging  mechanisms  is  apparently 
quite  different  for  hydrometeors  and  aircraft, 
but  the  possible  application  of  some  of  the 
mechanisms  to  aircraft  charging  is  discussed. 


THE  MOST  INTERESTING  ASPECT  of  electrification 
studies  involving  ice  and  water  (e.g. ,  those 
concerned  with  cumulus  cloud  electrification) 
is  not  that  charge  separation  can  readi ly 
occur,  but  that  charge  can  be  separated  in  so 
many  different  ways.  In  this  paper  we  shall 
review  the  major  mechanisms  whereby  ice  par¬ 
ticles  in  the  atmosphere  can  become  electri¬ 
fied,  restricting  ourselves  to  those  processes 
tha-  could  in  some  way  be  involved  in  the 
problem  of  aircraft  electrification.  It 
should,  however,  be  stressed  that  it  is  very 
difficult  to  assign  with  any  real  certainty 
a  relative  importance  to  the  various  charging 
mechanisms  either  in  the  cloud  or  aircraft 
environment,  even  though  results  are  available 
for  laboratory  conditions. 


THERMOELECTRIC  EFFECTS 

The  thermoelectric  effect  is  a  very 
powerful  charging  mechanism,  and  may  easily  be 
dominant  in  the  atmosphere.  Whenever  two  sur¬ 
faces  of  ice  of  similar  impurity-content  at 
different  temperatures  come  irto  temporary  con¬ 
tact,  charge  transfer  occurs  and  a  potential 
difference  is  developed  between  the  surfaces. 
The  process  was  originally  explained  in  terms 
of  the  different  mobilities  of  H+  and  OH";  now 
it  is  considered  that  lattice  defects  (0H3)+, 
(OH)-  and  Bjerrum  L  and  D  orientational 
defects  (vacant  and  doubly  occupied  hydrogen 
bonds,  respectively)  are  responsible.  The 
mobility  of  (0H3)+  is  greater  than  that  of 
(OH)-,  and  the  mobility  of  the  L  defect  is 
greater  than  that  of  the  D  defect.  Furthermore, 
the  number  of  each  rapidly  increases  with  tem¬ 
perature.  Large  numbers  of  defects  are  pro¬ 
duced  in  the  warmer  ice  and  migrate  towards 
the  colder  ice,  becoming  annihilated  on  the 
way.  The  positive  defects  move  faster  so  the 
warm  ice  is  left  negatively  charged  and  the 
colder  ice  positively  charged,  until  the  inter¬ 
nal  field  produces  equilibrium.  The  actual 
potential  difference  developed  depends  on  a 
number  of  factors,  but  a  frequently  quoted 
value  is  about  2mV/4C.  Ionic  impurities 


(e.g.,  NaCl)  increase  mobilities  by  a  factor  of 
;<bout  2  (i.e.,  if  warmer  ice  is  doped  with 
NaCl,  charge  transfer  is  increased;  if  colder 
ice  is  doped,  charging  is  decreased). 

Several  other  factors  can  affect  the 
amount  of  charge  transferred,  e.g.,  contact 
time  and  the  presence  of  air  bubbles  in  the 
ice.  Both  have  to  do  with  thermal  conduction 
across  th'  ice  surfaces.  If  contact  time  is 
too  long,  temperature  gradients  are  decreased 
and  charge  transfer  reduced.  Optimum  contact 
time  is  calculated  to  be  about  10  msec;  it  has 
been  observed,  for  low  velocity  collisions,  to 
be  about  3  msec.  This  effect  is  partly  offset 
by  the  presence  of  air  bubbles  in  the  ice 
(cloudy  ice)  ,  which  apparently  act  to  reduce 
the  thermal  conductivity.  The  influence  of 
impact  velocity  is  not  clear.  At  low  veloc¬ 
ities  (up  to  about  45  mph) ,  charging  ha:  oeen 
observed  to  increase  with  increasing  speed.  I 
am  not  aware  of  work  at  much  higher  speeds. 

The  various  thermoelectric  crystal  charging 
mechanisms  differ  only  in  the  specific  way  in 
which  the  initial  temperature  difference  is 
produced. 

Asymmetric  Rubbing  Contact  -  Whenever  two 
ice  surfaces  rub  against  each  other  in  such  a 
way  that  tne  frictionally  produced  heat  is  not 
deposited  with  equal  density  on  the  two  sur¬ 
faces,  one  gets  warmer  than  the  other  and 
electrification  results.  The  most  obvious 
example  in  the  laboratory  is  that  of  twe  rods 
of  ice  where  one  is  drawn  across  the  other, 
and  heating  is  localized  on  one  rod  and 
spread  over  the  other. 

In  the  air,  the  situation  can  become 
much  more  complicated.  It  is  not  always  clear 
which  surface  will  receive  the  greater  density 
of  heat,  and  therefore  become  negative.  For 
example,  in  one  experiment  (1)*,  ice  crystals 
were  caused  to  collide  with  a  shiny  simulated 
hailstone.  The  hailstone  became  positively 
charged  (low  density  of  heat),  i.e.,  the 
crystals  rubbed  around  part  of  the  hailstone, 
having  a  small  area  of  contact  on  the  crystal 
and  a  large  area  on  the  stone.  When  the  hail¬ 
stone  was  roughened  by  letting  it  first  rime 
(i.e.,  pick  up  and  freeze)  supercooled  water 
droplets,  the  sign  of  charging  was  reversed. 

The  hailstone  now  became  negative,  the  magni¬ 
tude  of  the  charge  was  much  larger  than  before 
and  increased  with  roughness.  The  ice  crys¬ 
tals  could,  in  this  case,  be  conceived  as 
rubbing  only  the  high  spots  on  the  rimed 
pellet.  There  must  have  been  an  intermediate 
roughness  for  which  the  charging  was  zero.  In 
this  study  the  form  of  ice  crystal  was  not 

*  Numbers  in  parentheses  designate  References 
at  end  of  paper. 
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given.  In  a  similar  but  more  detailed  experi¬ 
ment  (2) ,  an  ice  sphere  moving  through  a  natu¬ 
ral  cloud  or  snowfall  became  highly  charged 
only  when  ice  was  present  in  the  cloud.  When 
the  cloud  was  completely  glaciated  and  the 
temper aturer  below  -4<>C,  the  ice  sphere  became 
negatively  charged.  At  temperatures  above 
-4CC,  the  sign  of  the  charge  was  the  same  as 
that  on  the  particles  in  the  air.  So  in  this 
type  of  charging,  the  microscopic  details  of 
the  ice  ccilis.on  processes  determine  the  sign 
of  the  resulting  charge. 

Thermal  Lag  -  In  rapid  downdrafts  or  up¬ 
drafts  or  regions  of  rapid  temperature  change, 
ice  crystals  of  different  size  (which  can 
collide)  will  in  general  h<iv*.  ,  lightly  dif¬ 
ferent  temperatures  because  of  heir  different 
heat  capacities.  Similarly  the  .  reakup  of 
fragile  crystal  dendrites  in  blow. ig  snow  can 
produce  electrification  whose  sign  depends  on 
whether  the  breakup  occurs  in  a  downdraft  or 
an  updraft.  If  a  downdraft,  the  air  and 
splinters  are  warmer  than  the  body  of  the 
crystal,  so  the  ejected  splinters  are  gener¬ 
ally  negatively  charged.  In  on  updraft,  the 
air  and  splinters  *vo  cooler  chan  else  crystals, 
and  so  positive  splinters  result. 

Latent  Kept  -  Probably  the  most  important 
source  of  temperature  difference  between  icc 
particles  in  a  cloud  is  the  latent  heat  of 
freezing  of  supercooled  cloud  droos  with  which 
the  crystals  collide.  If  the  ra'  of  acquisi¬ 
tion  of  supercooled  water  and  the  rate  of  heat 
transfer  to  the  air  are  different  for  differ¬ 
ently  sized  ice  particles  (as  in  general  they 
are),  considerable  temperature  differences  can 
result.  Subsequent  collisions  between  those 
ice  particles  can  lead  to  substantial  charging, 
with  the  smaller  particles  in  general  becoming 
positively  charged  and  the  larger  particles 
negatively  charged.  The  classic  experiments  on 
this  mechanism  were  performed  by  Reynolds, 

Brook  and  Gourley  (3)  in  1957.  They  rotated  an 
ice  pellet  in  a'cold  box  containing  a  cloud  of 
either  ice  crystals,  supercooled  water,  or  a 
mixture  of  both.  Substantial  charging  was 
found  only  in  this  latter  case.  (Note  in  this 
case,  the  riming  causes  both  a  temperature 
difference  and  also  appreciable  surface  rough¬ 
ness.)  The  magnitude  of  the  charging  depends, 
of  course,  on  the  relative  number  of  ice  crys¬ 
tals  and  supercooled  drops  in  the  cloud. 


FREEZING  POTENTIALS 

Rain  and  cloud  drops  are  dilute  solutions 
of  salts,  and  when  dilute  solutions  freeze, 
they  produce  freezing  potentials ,  i.e.,  the 
ice  becomes  charged  (usually  negatively)  with 
respect  to  the  water  (4).  The  mechanism  is 
the  preferential  incorporation  of  some  of  the 
anions  (negative  ions)  of  the  salt  into  the 
ice  lattice.  The  only  exception  is  the  action 
of  ammonium  salts  (Niii,+)  which  makes  the  ice 
strongly  positive.  The  potentials  developed 
across  the  ice/water  interface  depend  on 


freezing  rate  and  solution  concentration,  but 
are  typically  =  30V  for  a  10“’H  NaCi  solution, 
one  or  two  hundred  for  a  similar  ammonium  solu¬ 
tion.  The  maximum  occurs  at  a  concentration 
of  about  lo’  n.  Typical  salt  concentrations 
in  continental  rainwater  are  10  —  10  M,  and 

at  the  coast  up  to  10  'M.  This  seems  to  be  a 
very  potent  charging  mechanism. 


RIMING 

There  is  a  considerable  amount  of  evi¬ 
dence  that  surfaces  undergoing  riming  with 
large  enough  supercooled  drops  become  highly 
charged  by  a  mechanism  which  has  never  been 
fully  explained.  All  experimenters  except  one 
found  the  riming  surface  to  become  strongly 
negatively  charged.  A  mechanism  has  been 
offered  which  depends  on  the  freezing  of  the 
impinging  drops  from  the  outside,  building  up 
pressure  inside  the  drop  and  resulting  in 
shattering  and  the  production  of  a  larga  num¬ 
ber  of  ice  splinters.  The  theory  and  the 
expe-irsent  on  which  it  was  based  have  since 
been  strongly  criticized,  particularly  as 
regains  die  number  of  splinters  produced.  The 
experiments  need  to  be  repeated  under  more 
controlled  conditions.  Nevertheless  it 
appears  that,  splinters  or  no,  riming  always 
produces  charging  of  the  rimed  surface, 
including  aircraft.  All  evidence  on  the 
effects  of  impurities,  e.g, ,  salts  dr  C02, 
indicate  that  this  electrification  mechanism 
is  not  the  same  as  that  discussed  above  under 
"FREEZING  POTENTIALS." 


EVAPORATING  OR  MELTING  ICE 

Some  slight  charging  of  evaporating  ice 
has  been  explained  by  (crudely  speaking)  the 
evaporation  of  aggregates  containing  defects 
from  the  surface.  Much  mora  important  is  the 
charging  accompanying  ice  melting  (the  Dinger- 
Gunn  effect)  (5).  Bubbles  frozen  into  tiis  ice 
due  to  the  decrease  of  air  solubility  on 
freezing  are  freed  upon  melting  and  burst  at 
the  surface.  This  is  a  weil-known  water 
charging  process. 


APPLICATION  TO  AIRCRAFT  ELECTRIFICATION 

It  is  interesting  that  the  conditions 
that  accompany  the  most  vigorous  cloud  el'1"' 
trification  are  &p  arently  not  the  same  a<> 
those  conducive  to  rapid  aircraft  electrifi¬ 
cation.  Aircraft  charging,  it  seems,  is 
greatest  in  the  presence  of  dry  crystals  of 
ice  and  snow;  for  clouds,  the  greatest  effi¬ 
ciency  is  associated  with  the  presence  of  both 
phases,  ice  and  water.  However,  some  experi¬ 
ments  (2)  have  found  maximum  hailstone  charg¬ 
ing  in  completely  glaciated  clouds  colder  than 
-4°C. 

With  supercooled  or  partially  glaciated 
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clouds,  one  might  expect  contributions  to  air¬ 
craft  charging  from  all  the  processes  described 
above,  plus  charged  particle  sweep-up  and  fric¬ 
tional  electrification.  The  work  of  Imyanitov, 
Nanevicz,  Gunn,  Couch,  and  others  suggests  that 
the  latter  dominates. 

With  dry  crystals,  apart  from  frictional 
electrification,  only  thermoelectric  effects 
due  to  asymmetric  rubbing  and  thermal  lag  could 
produce  charging.  For  high-speed  aircraft,  the 
Thermal  Lag  or  Blowing  Snow  mechanism  deserves 
a  little  attention.  The  temperature  rise  of 
the  air  at  the  loading  edge  of  an  airplane 
approaching  Mach  1  should  be  about  50°C  (80°F) 
at  about  25,000  to  30,000  feet.  Thi3  is  a  much 
higher  temperature  difference  —  air  to  ice 
crystal  —  than  has  been  used  in  experiments  on 
blowing  snow  electrification  where  appreciable 
charging  was  produced.  If  the  temperature  rise 
of  the  air  causes  a  heating  of  fragile  splinters 
of  ice  (with  respect  to  the  body  of  the  crystal) 
of,  say,  5°C  before  they  are  broken  off  by  the 
air  accelerations,  experiments  indicate  that 
charges  of  at  least  10  1 6  Coulomb  per  splinter 
could  be  produced.  The  rate  of  charging  of  an 
aircraft  under  these  conditions,  however,  may 
not  be  much  greater  than  a  few  tens  of  micro¬ 
amps. 
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ABSTRACT 


Frictional  electrification,  defined  as  the 
electric  charges;  which  remain  on  the  surface 
after  the  separation  of  solid-to-aol.id  contacts, 
involves  at  least  two  physical  phenomena  which 
are  equally  important  in  determining  the 
electrification.  The  phenomena  are  the  elec¬ 
tronic  charge  transfer  across  the  interface  at 
the  point  of  contact  of  the  two  materials  and 
the  electronic  charge  backflow  which  takes 
place  as  the  two  solids  are  separated.  Under 
rigidly  controlled  conditions,  the  present 
status  of  knowledge  of  electron  transfer 
between  materials  of  different  work  functions 
permits  the  prediction  of  the  polarity  of  the 
static  electrification.  The  magnituae  of  the 
charge  transfer  which  remains  on  the  surface 
after  separation  is  still  far  from  being 
predictable-.  Engineering  applications  involv¬ 
ing  electrification  can  only  be  based  on 
experimental  results  of  a  sufficiently  large 
number  of  tests  as  well  as  on  the  proven 
ability  to  maintain  or  reproduce  the  surface 
and  ambient  conditions  under  which  the  original 
experiments  were  carried  out.  According  to  the 
application,  the  wanted  or  unwanted  electrifi¬ 
cation  due  to  solid-to-solid  contact  is 
generated  under  various  external  ambients  or 
fields.  The  combined  effects  of  such  influ¬ 
ences  often  have  a  very  pronounced  effect  on 
the  final  charges.  The  paper  reviews  some  of 
the  recent  fundamental  work  on  humidity, 
temperature  and  electric  field  influences  on 
solid-to-solid  contact  electrification  and 
under  what  practical  applications  the  electric 
field  plays  a  predominant  role. 


FRICTIONAL  ELECTRIFICATION 


A  standard  terminology  for  static  electri¬ 
fication  phenomena,  and  not  excluding  the  basic 
word  electrostatics,  has  been  long  overdue. 
Frictional  electrification  is  described  in 
literature  under  at  least  two  other  terms,  such 
as  tribo-electrif ication  and  contact  electri¬ 
fication.  This  paper  presents  some  of  the 
practical  and  theoretical  knowledge  which  may 
be  useful  in  controlling  the  electrical  charge 
which  remains  on  the  contact  surfaces  after  the 
separating  of  two  solids.  The  two  solids  may 
be  a  combination  of  conductors,  semi-conductors 
and  insulators.  Any  rubbing  or  friction  of  the 
two  surfaces  which  is  implied  by  the  term 
"frictional"  should  bs  interpreted  as  merely 
providing  a  larger  area  of  contact.  Additional 
effects  of  rubbing,  such  as  altering  or  damag¬ 
ing  of  the  surface,  transient  high  temperature 
spots,  etc.  are  far  from  being  understood  in 
the  overall  process  and  hence  must  be  minimized 


in  any  experimental  set-up  attempting  to 
investigate  the  phenomenon. 

Frictional  electrification  defined  as 
above  involves  two  physical  phenomena  equally 
important  to  the  net  result:  (1)  electrifi¬ 
cation  of  the  interface,  and  (2)  charge  back- 
flow.  For  f.e  theoretical  aspects  of  the 
first  phenomenon,  as  applied  to  clean  surfaces, 
the  reader  is  directed  to  solid  state  physics. 
However,  the  consider mie  progress  made  by  the 
solid  state  science  und  engineering,  covering 
the  eleotrificati  >• .  of  clean  solid  interfaces, 
steps  there.  It  .s  of  hardly  any  practical 
interest  to  the  solid  state  engineer  to 
investigate  what  happens  or  how  to  control  the 
amount  of  electric  charge  which  may  remain  on 
the  contact  surface  if  we  were  to  break  a 
transistor  or  a  diode  in  two  along  an  inter¬ 
face.  As  to  the  second  phenomenon,  the  charge 
backflow  which  ultimately  determines  what  is 
left  on  the  surfaces  after  the  separation,  the 
knowledge  is  very  scant.  The  hardly  explored 
field  is  waiting  for  applied  electrostatics 
investigators. 

While  the  solid  state  vast  body  of  know¬ 
ledge  is  limited  to  certain  classes  of  mater¬ 
ials  and  clean  surfaces,  the  frictional 
electrification  and  its  applications  generally 
deals  with  complex  materials  and  surfaces 
influenced  and/or  contaminated  by  various 
ambients.  Humidity,  temperature,  dust,  gaseous 
pollutants,  external  electric  fields,  etc. 
could  have  a  considerable  influence  on  both 
polarity  and  charge  magnitude.  As  little  as  a 
mono-molecular  layer  of  adsorbed  gas  may 
sufficiently  change  the  work  function  of  a 
solid  material  to  reverse  the  polarity  01  she 
electrification. 

ELECTRIFICATION  OF  CLEAN  SURFACES  IN 
CONTROLLED  AMBIENTS 

It  was  relatively  recently,  1967,  f.'at  the 
solid  s^ate  electron  transfer  theory  applied  to 
static  electrification  found  experimental 
proof.  Practically  simultaneous  experiments 
in  England  (1)*  and  Canada  (2)  produced  ade¬ 
quate  correlations  between  the  work  func  ion 
of  the  materials  in  contact  and  charge  t  ans- 
fer.  To  achieve  these  correlations,  th 
surfaces  of  th  •  materials  had  to  be  cle  .  and 
the  ambients,  generally  vacuum,  well  controlled. 
One  investiqator  (2)  introduced  electric 
sputtering  as  the  last  step  in  the  cleaning 
procedure  for  the  metallic  surface  prior  to  the 

‘Numbers  in  parentheses  designate  Refc-encc'S 
at  end  of  paper. 
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frictional  electrification  experiment.  The 
experiment  (2)  studied  the  frictional  electri¬ 
fication  of  a  series  of  metals  arranged  in  the 
order  of  increasing  work  function  values, 
contacting  borosilicste  pyrex  glass  7740.  The 
electric  charges  developed  on  the  metals  varied 
from  a  maximum  positive  value  for  zirconium, 
the  experimental  metal  with  the  lowest  work 
function  value,  to  a  minimum  negative  charge 
for  the  platinum,  the  experimental  metal  with 
the  highest  work  function  value.  Consequently, 
there  exists  a  theoretical  work  function  value 
which  will  give  zero  electrification  when 
contacting  the  pyrex  glass.  This  was  inter¬ 
preted  as  the  "work  function"  value  of  the 
pyrex  glass  itself. 

In  a  more  general  way,  if  one  plots  as  in 
Figure  1  the  frictional  electrification  (C)  of 
several  materials  of  known  work  function  (oV) 
in  contact  with  a  specific  material  of  unknown 
work  function,  the  intersection  at  zero  elec¬ 
trification  gives  the  work  funct’on  value  of 
the  material.  The  relative  magnitude  of  the 
charges  does  not  matter  in  this  method,  and 
the  Coulomb  scale  was  omitted  in  Figure  1. 
Perhaps  it  is  just  as  well  as  the  predictabil¬ 
ity  of  the  amount  of  charge  is  still  very 
uncertain.  Thus  the  work  function  theory 
gives  a  good  tool  to  analyze  and  predict  the 
polarity  of  the  charge  on  clean  surfaces  and 
controlled  ambients.  Based  on  the  same  theory, 
experimenters  (3)  and  (4)  have  determined 
"frictional"  work  function  values  for  materials 
such  as  polyvinylchloride,  polyimide,  poly¬ 
carbonate,  polystyrene,  nylon  66,  polyethylene, 
polypropylene,  teflon,  etc. 

SURFACE  STATES  theory  m  addition  to  the 
work  function  of  a  material  is  an  emerging 
theory  for  the  understanding  of  the  more  com¬ 
plex  frictional  electrification  phenomena. 

The  symmetry  surrounding  an  atom  ip  a  crystal 
lattice  ends  abruptly  at  the  surface.  In 
addition,  or.e  cannot  avoid  the  surface  from 
contamination  with  foreign  atoms  and/or 
adsorbed  gases.  The  result  is  that  the  energy 
bands  conf i;urations  which  exist  in  the  inter¬ 
ior  of  the  raterial  are  no  longer  vaiid  for  the 
surface  where  separate  energy  bands  may  appear. 
The  energy  level?  of  these  new  bands  may  lie  in 
the  forbidden  gap  of  the  material;  although  the 
crystal  may  be  an  insulator,  the  surface  state 
may  allow  some  electrical  conduction.  The 
electrification  of  polyene  s  (5)  has  been  of 
recent  interest  in  the  support  of  this  theory. 

CHARGE  BACKFLOW,  the  second  phenomenon  in 
electrification,  is  perhaps  the  most  important 
to  control  in  any  application.  The  amount  of 
charge  which  flows  back  may  be  an  order  of 
magnitude,  or  more,  larger  than  tne  charge 
which  remains.  It  is  believed  that  the  charge 
backflow  depends  on  several  parameters,  such  as 
the  materials  in  contact,  the  surface  prepar¬ 
ation,  the  geometry  of  the  contact,  the  speed 
of  separation,  the  temperature,  the  ambient 
gas,  etc.  One  must  realize  that  while  the 
contact  appears  to  take  place  between  two  inert 
solids,  it  is  in  fact  a  molecular  or  atomic 


phenomenon.  Any  surface  changes  due  to  the 
impact  or  adsorbed  molecules  and  impurities  by 
the  surface  of  contact  are  likely  to  change 
the  amount  of  charge  flowing  back,  and  it  is 
practically  impossible  to  give  an  accurate 
description  of  the  real  surface.'  in  contact 
or  what  happens  to  the  various  a.oms  during 
the  separation. 


ELECTRIFICATION  IN  AIR 


The  experiments  with  clean  surfaces, 
simple  elements  and  controlled  environments  to 
maintain  the  surfaces  clean,  such  as  vacuum, 
have  helped  apply  some  of  the  solid  state 
theoretical  explanations  to  the  frictional 
electrification  phenomena.  When  dealing  with 
complex  materials  in  normal  ambients,  any 
prediction  as  to  the  polarity  or  amount  of 
charge  cannot  he  but  guess  work.  However,  if 
the  number  of  experiments  is  sufficiently 
large  to  be  statistically  valid  and  at  the 
same  time  the  reproducibility  of  the  materials 
and  of  the  ar-Lient  conditions  car.  be  maintain¬ 
ed,  practical  applications  may  be  designed  on 
the  basis  of  such  obtained  values.  A  good 
example  of  reliable  data  for  frictional  elec¬ 
trification  in  air  is  thtt  obtained  from 
electrification  in  fluidized  beds.  Tne  very 
largo  number  of  collisions  between  the  differ¬ 
ent  materials  which  are  mixed  in  a  fluidized 
bed,  ensures  ~  statistically  valid  result. 

The  process  is  successfully  used  in  mineral 
ore  separation.  For  example,  in  the  iron  ore 
beneficiation,  where  a  mixture  of  Fe^Og  and 
silica  particle?  are  present,  the  great 
majority  of  the  Fe20j  particles  will  charge 
positively  whereas  the  silica  negatively. 

Referiing  to  Figure  2,  one  sees  that  in 
the  electrostatic  beneficiation  of  ores  m  a 
fluidized  bed,  the  point  of  contact  between 
two  particles  may  be  traversed  by  she  electric 
field  in  various  directions  as  seen  at  A,  B 
and  C.  Of  particular  interest  ate  cases  A  and 
C.  If  the  electric  field  plays  a  predominant 
role,  such  is  in  conductive  induction,  the 
frictional  electrification  of  one  polarity  for 
a  specific  component  can  r.o  longer  be  achieved. 
The  particles  will  charge  alternately  positive¬ 
ly  and  negatively  with  a  resultant  cancellation 
of  most  of  the  charge. 

The  fluidized  bed  electrification 
requires  a  rigid  control  of  the  humidity, 
temperature  and  electric  fields  ir.  the  hea. 

The  same  applies  to  the  control  of  any  elec¬ 
trification  process  in  air.  The  ’ hree  param¬ 
eters  have  been  recently  analyzed  experiment¬ 
ally  by  two  investigators  working  on  different 
projects.  One  (4)  doing  fundamental  work  on 
frictional  eleccnficatvcn  based  on  rolling 
contacts,  and  the  other  (6)  or,  electrostatic 
beneficiation  of  iron  ores  in  fluidized  bods. 

THE  TEMPERATURE  influence  on  the  frictional 
electufication  under  various  electric  fields 
is  exemplified  ir.  Figure  3.  As  shown  in  the 
figure,  positive  fields  are  assumed  to  be 
those  directed  from  the  pyrex  to  the  stainless 
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steel,  and  negative  fields  those  In  the  oppos¬ 
ite  direction.  At  normal  ambient  temperatures 
the  frictional  electrification  of  the  pyrex 
stays  fairly  constant  and  is  negative  over  the 
range  of  fields  measured.  As  the  temperature  • 
is  increased  to  100°C  or  200°C  the  electric 
charges  whic**  develop  are  considerably  smaller 
but  continue  -.o  remain  relatively  constant  over 
the  electric  field  range.  Finally,  at  the  much 
more  elevated  temperature,  500°C,  the  charge 
versus  field  characteristic  becomes  a  straight 
line  with  a  very  pronounced  slope.  For  nega¬ 
tive  fields  the  electric  charges  on  the  pyrex 
are  positive,  and  for  positive  fields  the 
reverse  takes  place.  The  phenomenon  is  an 
interesting  transition  from  frictional  electri¬ 
fication  to  what  some  investigators  call  con¬ 
ductive  induction  charging.  At  the  higher 
temperatures  the  pyrex  glass  becomes  more 
conductive  and  the  field  dependent  conductive 
induction  becomes  the  predominant  phenomenon. 

THE  RELATIVE  HUMIDITY  of  the  nir  in  which 
frictional  electrification  takes  place  is  also 
of  considerable  importance  and  some  of  the 
recent  results  (4)  are  shown  in  Figure  4. 
Somewhat  similar  to  the  temperature  effects, 
low  relative  humidities  give  constant  electri¬ 
fication  of  the  pyrex  over  the  range  of  fields 
studied.  As  the  humidity  increases  one 
observes  a  pronounced  shift  in  the  charge 
versus  electric  field  characteristic  indicating 
conductive  induction  electrification.  The 
higher  the  humidity  the  greater  the  negative 
slope  of  the  curve. 

Both  the  temperature  and  the  humidity 
affect  the  conductivity  of  the  pyrex  as 
evidenced  by  the  conductive  induction  electri¬ 
fication.  However  the  processes  are  entirely 
different.  While  the  increase  in  temperature 
decreases  the  volume  resistivity  of  the  pyrex, 
as  teen  in  Table  1,  the  increase  in  relative 
humiulty  very  likely  produces  a  surface 
conduct. o.'  through  the  various  impurities 
present. 


Table  1  Pyrex  7740  Glass 
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CONCLUSIONS 

Frictional  electrification  comprises  two 
phenomena  -  interface  charging  and  charge  back- 
flow  after  the  contact  separation.  While  the 
electrification  of  the  interface  of  simple 
elements  _ndcr  controlled  conditions  may  be 
adequately  explained  and  predicted  by  means  of 
the  solid  state  theory  of  work  function  and 
surface  states  density,  the  charge  backflow  is 
still  far  from  being  fully  understood  and  often 


represents  the  greatest  portion  of  the  elec¬ 
tric  charge  which  one  must  control  for  an 
engineering  application. 

Experiments  in  air  require  a  very  rigid 
control  of  temperature,  humidity  and  external 
electric  fields,  and  any  design  data  must  be 
based  on  a  number  of  experiments  which  is 
sufficiently  large  to  be  statistically  valid. 
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Fig.  4  -  Relative  hunidity  and  external  electric  field  infli 
on  the  electrification  of  pyrex  gl.  as  in  contact  w: 
stainless  steel  (Greason,  1972). 
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ABSTRACT 

Static  electrif icetion  has  become  in¬ 
creasingly  important  because  of  its  effects 
on  systems.  Biological  shock,  fires,  pre¬ 
mature  ignition  of  electroexplosive  devices, 
mechanical  effects,  and  radio  interference 
were  the  kinds  of  effects;  the  systems  af¬ 
fected  were  man,  the  propulsion  system,  the 
ordnance  system,  the  hydraulic  system,  and 
the  complete  range  of  avionics  systems,  In 
recent  years,  static  electricity  has  also 
been  found  to  interfere  with  computers, 
telemetry,  tracking  and  guidance  systems, 
che  sensors  employed  to  acquire  scientific 
data,  and  thermal  control  systems . 

Historically,  system  effects  have  been 
produced  when  the  static  electricity  dis¬ 
charged.  Most  recently,  it  hen  been  found 
that  the  mere  presence  of  static  electri¬ 
city— in  the  absence  of  discharges— can  in- 
terfere  with  science  instruments  and  thermal 
control  systems,  and  can  potentially  affect 
contamination  control  systems  as  well,  By 
considering  some  of  the  effects  of  voltage 
potentials  we  can  gain  an  overview  of  the 
developing  discipline  of  static  electrifi¬ 
cation  and  apply  this  knowledge  to  control 
che  effects  of  static  electrification  on 
aerospace  svstema,* 

STATIC  ELECTRIFICATION  has  been  implicated 
in  all  phases  and  ..-ies  of  flight.  Bio¬ 
logical  shocks,  fires,  premature  ignition  of 
squibs,  and  mechanical  effects  were  all  ex¬ 
perienced  in  early  flights  with  kites,  bal¬ 
loons,  and  dirigibles.  Today,  these  and 
other  effects  are  encountered  with  heli¬ 
copters,  aircraft,  artillery  shells,  mis¬ 
siles,  satellites,  spacecraft,  and  lunar 
surface  equipment. 

Historically,  the  system  effects  oc¬ 
curred  when  thu  accumulated  static  electri¬ 
city  discharged.  However,  recent  studies 
have  shown  that  the  mere  presence  of  static 
electricity  can  also  have  serious  con- 
sequences. 

BIOLOGICAL  SHOCK 

Biological  shock  was  first  noted  with 
kites  flown  in  thunderstorms,  and  was  late; 
experienced  by  crews  filling  and  launching 
balloons  and  releasing  and  docking  dirlgi- 
bles.  Substantial  shocks  have  also  been 
felt  by  personnel  who  touched  helicopters 
operating  on  or  near  the  ground,  ox  who  came 
into  contact  with  a  cable  from  a  hovering 
craft  during  cargo  and  personnel  transfer. 

The  shock  hazard  to  Apollo  astronauts  was 

*This  work  was  sponsored  by  the  Hrtlonal  Aero¬ 
nautics  and  Space  Administration. 


recently  Investigated  when  sparks  were  ob¬ 
served  during  simulated,  ground-based  op¬ 
erations  such  as  donning  suits  and  handling 
equipment  in  the  spacecraft, 

Controlling  Biological  Shock  -  Control¬ 
ling  biological  shock  is  now  a  general  prac¬ 
tice,  and  usually  consists  of  minimizing 
the  hazard  rather  than  protecting  the  man. 

In  lightning  research  using  balloons,  the 
winches  are  remotely  controlled  and  are  well 
grounded  and,  when  it  is  not  necessary  to 
apply  kilovolt  potentials  to  the  balloon  pay- 
load,  insulating  cables  are  used.  Similarly 
aircraft  regulations  call  for  all  planes  to 
be  provided  with  static  dischargers.  The 
charging  problem  with  helicopters  is  so  se¬ 
vere  that  active  discharger  systems  are  also 
employed,  at  least  on  military  helicopters 
required  to  oporate  in  bad  weather  or  over 
dusty  terrain. 

The  guideline  for  aaaessing  the  hazard 
for  biological  shock  is  the  energy  of  the 
available  discharge,  which  is  computed  from 
the  capacity  of  the  source  and  the  measured 
potential  acquired,  An  energy  below  0,0004 
Joule  (4000  ergs)  is  generally  considered 
acceptable. 

IGNITION  OF  COMBUSTIBLES 

The  Hindenberg  fire  is  ar.  example  of 
the  catastrophe  that  can  result  from  the 
Ignition  of  combustibles  by  static  electri¬ 
city,  A  similar  discharge  was  responsible 
for  the  ignition  of  a  Z-248  rocket  engine 
assembled  into  an  orbital  observatory  satel¬ 
lite  at  Kennedy  Space  Cents:. ,  A  subsequent 
investigation  showed  that  a  triboelectric 
charge  created  by  the  movement  of  a  plastic 
(dust-protecting)  sheet  ir.icieted  a  squib 
firing  circuit  and  lit  off  a  solid-propel¬ 
lant  rocket. 

In  the  early  1960s  ordnance  devices 
associated  with  the  payloads  on  balloons 
ware  frequently  initiated  by  discharges  of 
static  electricity,  and  static  electricity 
was  also  responsible  for  the  destruction  of 
two  Surveyor  spacecraft  test  articles  during 
drop  tests  from  aircraft  in  the  I960*.  The 
discharge  of  static  electricity  at  separa¬ 
tion  of  the  test  article  initiated  tha  or¬ 
dnance  for  the  descent  systems. 

The  sinking  of  three  tankers  during 
1969  by  static  electricity  discharges  that 
ignited  combustible  vapors  during  cleaning 
was  reported  at  previous  conferences,  as 
were  cases  involving  the  ignition  of  air¬ 
craft  fuels  during  flight  and  during  ground 
fueling.  The  possibility  that  static  elec¬ 
tricity  might  ignite  combustibles  aboard 
the  Apollo  spacecraft  in  an  oxygen  atmos- 
phars  has  also  been  investigated  and  will 
be  reported  during  this  conference. 

Controlling  the  Ignition  of  Combusti¬ 
bles  -  The  catastrophic  explosion  and  fire 
at  a  Royal  Dutch  Shell  refinury  at  Pernis 
in  1954  was  the  proximate  cause  of  much  of 
tha  research  on  the  physics  and  control  of 
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liquid  fuel  ignition  by  static  alectricity, 
The  aircraft  industry  is  indebted  to  two 
early  researchers,  Klingenberg  and  van  der 
Minne,  for  the  development  of  anti-static 
additives  used  in  automotive  and  aircraft 
fuels. 

The  sponsors  of  this  conference  have 
pioneered  in  controlling  the  hazard  through 
specifications  for  the  grounding  of  equip¬ 
ment  and  for  controlling  the  potential  prop¬ 
agation  of  incipient  flames. 

The  possibility  that  static  electricity 
might  initiate  ordnance  devices  was  recog¬ 
nized  in  the  1950s  and  1960s,  As  a  result, 
specifications  established  a  requirement  for 
"1-watt,  1-amp,  no-fire  devices"  and  further 
required  shorting  devices  for  flight  cir¬ 
cuitry  and  during  transportation.  In  some 
cases,  a  dielectric  insulation  was  also  re¬ 
quired  to  eliminate  pln-to-casa  modes  of 
initiation.  In  another  case,  where  it  was 
found  that  R?  or  static  electricicy  could 
cause  the  firing  via  a  bridgewire-to-bridge- 
wlre  mode,  the  second  bridgewlre  was  elimi¬ 
nated. 

MECHANICAL  EFFECTS 


The  Lunar  Excursion  Module  was  equipped 
with  a  Teflon  fabric  belt  and  a  motor-driven 
winch  to  hoist  rocks  collected  by  the  astro¬ 
nauts.  In  simulated  operations  the  belt  was 
found  to  charge  to  5000  volts  and  to  attract 
powdered  minerals.  On  the  lunar  surface, 
lunar  dust  has  been  seen  to  jump  from  the 
surface  and  to  stick  indefinitely  to  verti¬ 
cal  surfaces  covered  with  thermal  control 
paints.  In  another  controlled  experiment, 
lunar  dust  was  observed  to  collect  on  opti¬ 
cal  and  paint  samples  according  to  the  elec¬ 
trostatic  field  lines.  These  three  examples 
show  how  mechanical  effects  can  be  produced 
by  the  mere  presence  of  static  electricity, 
These  effects,  if  they  should  occur  on  op¬ 
erational  lunar  surface  sensors,  would  seri¬ 
ously  degrade  the  performance  of  the  thermal 
control  system  or  the  optics  of  the  sensor , 

Liquids  flowing  in  tubes  are  also  known 
to  produce  severe  electrification.  Certain 
fuels,  hydraulic  fluids,  and  inert  coolants 
have  been  found  to  charge  hoses  or  insulated 
fittings  to  as  high  as  60  kv.  When  the 
electric  stress  exceeds  the  dielectric 
strength  of  the  hose  cr  insulator,  the  hose 
is  punctured  and  leaks.  Alternatively,  the 
energy  may  be  discharged  and  affect  avionics 
systems,  with  or  without  concurrent  punc¬ 
tures. 

Finally,  some  investigators  have  sug¬ 
gested  that  electrostatically-induced  me¬ 
chanical  forces  may  inhibit  the  proper  de¬ 
ployment  of  parachutes  made  from  the  newer, 
highly  insulating  and/or  highly  triboelec- 
tric  fabrics.  And  electrostatics  has  been 
suspected  in  problems  with  rigidity  of 
reeled  magnetic  tapes. 


Controlling  mechanical  effects 


attempts  to  minimize  the  mechanical  effects 


of  electrical  discharges  rely  on  reducing  the 
resistivity gOf  the  materials  involved.  A 
value  of  10  ohms  or  ohms  per  square  or  ohm- 
cm  is  widely  used  as  the  maximum  permissible 
level.  In  the  case  of  hoses,  conductive 
liners  are  provided  whenever  the  resistivity 
of  the  basic  material  cannot  be  reduced  by 
additives.  All  parts  conductive  and 
grounded  is  a  required  standard  practice. 

RF  INTERFERENCE 

Radio  frequency  interference  has  been 
encountered  since  the  first  flights  of  early 
aircraft  in  bad  weather.  Precipitation- 
static  is  well  understood  today  and  has  be¬ 
come  the  subject  of  specifications  that  con¬ 
trol  both  the  charging  of  the  source  and  the 
susceptibility  of  tadlo  equipment.  Never¬ 
theless,  P-static  control  remains  an  active 
discipline  as  the  evolution  toward  more  com¬ 
plex,  more  sensitive  avionics  systems  con¬ 
tinues  to  uncover  new  modes  of  interference. 
Phase-lock  systems,  FM  systems,  radio-guid¬ 
ance  systems,  and  navigation  aids  are  all 
affected  by  static  electrification  dis¬ 
charges  through  different  interference 
modes.  Much  recent  attention  has  been 
directed  toward  quantifying  the  acceptable 
interference  li.vel  in  terms  more  appropriate 
for  systems  than  the  simple  signal  power / 
noise  power  parameter,  Expressions  for  the 
bit  rate  error  and  the  probability  of  a  loss 
of  phase  lock,  and  techniques  to  reject  un¬ 
reasonable  data  have  been  developed. 

LOGIC  ERRORS 

Logic  errors  caused  by  a  single  dis¬ 
charge  of  static  electricity  have  been  en¬ 
countered  when  using  computers  for  guidance, 
navigation,  and  sequencing  and  in  logic- 
based  programs  for  telemetry  and  data  ac¬ 
quisition  systems.  This  type  of  interfer¬ 
ence  is  quite  a  different  matter  than  RF 
interference  and  P-static.  Airborne  and 
ground  computers,  widely  usad  for  radio-con¬ 
trolled  guidcnce  and  commands,  are  extremely 
susceptible  to  a  single  discharge  of  very 
low-energy  static  electricity. 

During  early  test  flights,  two  Minute- 
man  missies  were  lost  when  a  discharge  af¬ 
fected  the  guidance  computer  more  than  once 
before  the  last  single  bit  error  terminated 
the  flight. 

Single  discharges  of  static  also  oc¬ 
curred  on  two  separate  Titan  III  flights  in 
the  late  1960s.  In  the  first  flight,  a  com¬ 
puter  instruction  was  altered  and  the  com¬ 
puter  jumped  into  a  backup  flight  mode. 

There  were  tea  other  modes  it  could  have  en¬ 
tered,  any  of  which  would  have  terminated 
the  flight.  On  the  next  flight,  steering 
data  were  altered  anu  che  missile  turned  off 
path;  the  guidance  error  introduced  by  the 
electrical  discharge  was  eventually  cor¬ 
rected.  During  an  extensive  ground  test 
program  that  ensued,  it  was  discovered  that 


a  spark  energy  as  low  as  565  arga  <0.0000565 
joule)  was  sufficient  to  upset  the  computer. 
For  comparison,  an  operating  room  is  con¬ 
sidered  ether-safe  at  40,000  arga,  and  safe 
for  the  most  sensitive  anesthetics  at  4000 
ergs. 

Other  computers  of  quite  different  and 
more  advanced  design  were  tested  during  a 
subsequent  program.  Despite  the  fact  that 
these  designs  included  Isolators  and  filters 
on  input-output  lines,  we  still  found  that 
some  circuits  were  susceptible  to  as  little 
as  s  few  thousand  ergs  in  a  single  spark. 

In  one  case,  there  is  a  period  of  1S7  micro¬ 
seconds  during  certain  logic  operations  in 
which  the  susceptibility  is  an  order-of- 
magnltude  more  severe  than  it  is  at  other 
times. 

A  similar  situation,  has  been  encoun¬ 
tered  with  data  multiplexing  systems.  In 
one  particular  case,  one  of  the  wires  is 
susceptible  to  a  few  hundred  ergs  in  a  dis¬ 
charge,  and  to  an  energy  as  low  as  1  mil¬ 
livolt  at  a  100-kc  rate.  This  wire  is  the 
midpoint  connection  between  a  balanced  bipo¬ 
lar  power  supply  and  the  differential  (op¬ 
erational)  amplifiers  used  to  amplify  all 
samples  of  data. 

Finally,  a  very  simple  operational  amp¬ 
lifier,  used  in  an  ordnance  circuit  monitor 
to  ensure  that  there  are  no  stray  signals, 
has  been  found  to  be  susceptible  to  a  single 
static  electricity  discharge  of  0.1  Joule 
applied  in  the  positive  sense,  but  suscept¬ 
ible  to  as  little  energy  as  500  ergs  applied 
identically,  except  in  the  negative  sense, 

Controlling  Logic  Errors  -  Incorpora¬ 
ting  filters  and  Isolators  in  all  input/out¬ 
put  lines  of  logic-based  avionics  has  not 
proved  feasible.  The  single,  most  effective 
means  of  reducing  logic  errors  is  to  incorp¬ 
orate  protection  in  the  software.  There  is 
no  excuse  today  for  flying  logic  programs  in 
which  picking  up  or  dropping  a  single  bit 
will  result  in  serious  consequences.  It  has 
proven  feasible  and  practical  to  reprogram 
even  operational  syctems  in  the  strategic 
inventory  so  that} 

(1)  Any  single  unreasonable  input  - 
for  example,  an  acceleration  signal  of  100 
m/sec^  -  is  rejected.  Reasonableness  tests 
arc  available  for  angular,  as  well  as  trans¬ 
lational,  guidance  and  steering  signals. 

(2)  Any  single-bit  error  in  a  critical 
Instruction  or  address  must  be  matched  by 
another  word  before  the  instruction  is  pas¬ 
sed  or  the  addressee  is  connected. 

(3)  No  single-bit  error  is  indefin¬ 
itely  enlarged  by  indefinite  integration. 

This  means  of  protection  against  static 
electricity-induced  errors  is  also  fully 
effective  against  conducted  transient  inter¬ 
ference  (electromagnetic  Incompatibility), 

Since  the  capacities  of  logic-baaed 
avionics  and  computers  are  limited  and 
costly  to  eypand,  software  protection  will 
ordinarily  be  combined  with  hardware  pro¬ 
tection,  such  as  filters  and  isolators. 


SCIENCE  SYSTHM  INTERFERENCE 

The  deposition  of  dust  and  space  debris 
on  critical  surfaces  of  instruments,  meteor¬ 
ological  satellites,  and  military  payloads 
employing  optical  instruments  has  recently 
been  encountered.  Ever  since  Mariner  3,  a 
few  dust  specks  have  appeared  and  remained 
on  the  TV  vldlcon  face  plate.  In  fact,  the 
object  of  one  experiment  carried  on  Apollo 
11  was  to  study  the  electrostatic  behavior 
and  attenuation  of  lunar  dust  on  three  dif¬ 
ferent  types  of  solar  cells.  When  the  Lunar 
Module  lifted  off  to  rendezvous  with  the 
Command  Module,  the  output  of  the  bare,  ex¬ 
posed  silicon  cell  was  not  affected,  but 
those  of  the  second  cell  (thin  quartz  cover) 
and  third  cell  (thick  quartz  cover)  were  re¬ 
duced  by  72  and  182,  respectively.  Lunar 
dust  has  been  seen  to  stand  almost  vertically 
against  lunar  gravity  and  even  to  jump  to 
vertical  thermal  control  surfaces.  This  is 
best  explained  as  an  electrostatic  phenome¬ 
non. 

Tests  with  liquids  dumped  into  simulated 
space  environments  show  that  a  substantial 
fraction  of  the  resultant  ice  particles  are 
highly  charged,  end  it  is  known  that  space¬ 
craft  carry  a  small  charge  that  is  driven 
toward  higher  voltages  by  the  dumping  of 
liquids. 

The  seriousness  of  the  electrostatic 
retention  and  electrostatically  controlled 
deposition  of  particles  emitted  by  space¬ 
craft  is  unknown.  If  further  work  should 
confirm  that  the  electrostatic  charges  are 
as  large  as  preliminary  studies  indicate, 
there  could  be  Important  effects  of  static 
electrification  on  spacecraft  thermal  con¬ 
trol  systems,  astronaut  viewing  windows, 
solar  power  systems,  and  on  the  capability 
of  scientific  instruments  to  acquire  the 
primary  data.  However,  the  designs  of  fu¬ 
ture  spacecraft  reduce,  and  in  some  cases 
eliminate,  the  contaminant  sources,  and  des¬ 
pite  a  potential  for  problems  vlth  electro¬ 
static  aggravation,  contamination  effects 
should  not  degrade  spacecraft  systems. 

The  outstanding  example  of  static  elec¬ 
trification  on  science  subsystems  has,  of 
cour.e,  involved  corona  effects,  but  thia 
is  a  utter  addressed  primarily  by  designers 
working,  with  systems  definitions  of  the  en- 
vironme  .  and  will  be  left  to  the  coronc  and 
corona  .-.ontrol  experts. 

In  summary,  Table  1  depicts  the  six 
kinds  of  effects  static  electrification  has 
had  on  aerospace  systems.  Note  that  effects 
have  been  encountered  in  all  modes  of  flight, 
and  that  all  subsystems  of  current  flight 
vehicles  have  experienced  one  or  more  of  the 
six  effects  on  one  or  more  occasions— either 
when  conditions  were  peculiarly  wrong,  so 
that  the  magnitude  of  electrification  was 
larger  than  usual,  when  the  environment  was 
less  protective  than  usual,  or  when  the  new 
subsystem  was  more  sensitive  than  the  pre¬ 
ceding  subsystem. 
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Some  limitations  on  transient  and  single¬ 
frequency  analysis  of  system  transfer  functions 
are  discussed .  These  include  zeros  caused  by 
rectangular  excitation  pulses  and  by  truncation 
of  the  transient  responses.  In  addition,  the 
limitations  on  obtaining  transfer  functions 
from  transient  data  due  to  the  dynamic  range  of 
the  transient  oscillograms  is  discussed.  The 
use  of  scale  models  to  obtain  transient  responses 
of  complicated  systems  is  described  by  citing 
several  examples  in  which  scale  modeling  has 
been  used. 

STUDIES  OF  TRANSIENT  RESPONSES  of  systems  under 
the  Influence  of  the  nuclear  electromagnetic 
pulse  (EMP)  have  resulted  in  the  development  of 
techniques  for  generating  fast-rising  electro¬ 
magnetic  waves  and  guiding  or  radiating  these 
transient  waves  to  produce  a  simulated  BfP 
environment.  Studies  of  system  responses  in 
these  simulated  environments  have  been  accompanied 
by  analytical  efforts  to  determine  the  coupling 
of  the  transient  waves  to  typical  structures, 
such  as  antennas  and  transmission  lines,  that  are 
commonly  found  in  many  systems.  For  very  large 
and  complicated  systems,  however,  it  may  be 
extremely  expensive  or  impossible  to  produce  an 
accurately  simulated  environment  enveloping  the 
entire  system  to  determine  experimentally  the 
system  response,  but,  on  the  other  hand,  the 
system  may  be  so  complex  that  one  would  have  a 
rather  low  confidence  in  a  purely  analytical 
approach  to  determining  its  transient  response. 

To  help  define  the  simulation  and  coupling  problem 
in  such  cases,  scale  modeling  techniques  have 
been  developed  that  are  very  useful  in  determining 
which  coupling  characteristics  are  dominant  and 
what  properties  of  the  incident  wave  must  be 
accurately  simulated. 

This  paper  will  briefly  discuss  some  of  t.ie 
techniques  that  have  been  used  to  evaluate  the 
transient  response  of  systems  to  fast  rising 
electromagnetic  pulses.  In  addition  some  practical 
limitations  of  tho  often-used  equivalence  of 
frequency  domain  and  time  domain  analysis  will  be 
discussed. 

Many  of  the  transients  encountered  in  the 
analysis  of  system  responses  can  be  approximated 
by  two-exponential  pulses.  As  is  illustrated  in 
Figure  1,  the  two-exponential  pulse  can  assume 


many  forms,  depending  on  the  viewing  time  and 
the  exponents.  Figures  la  through  le  are  all 
two  exponential  pulses  with  real  exponents. 

Note  however,  that  Figures  lb,  lc,  and  Id, 
which  at  first  appear  to  be  quite  different 
waveforms,  can  be  visualized  as  the  same  pulse 
plotted  on  different  time  scales.  Thus  if  the 
waveform  of  Figure  Id  is  plottod  on  a  compressed 
timo  scale,  we  obtain  Figure  lb,  and  if  the 
leading  edge  of  Figure  Id  is  plot  ted  on  an 
expanded  time  scale,  we  obtain  the  waveform  of 
Figure  lc.  When  we  acale  the  viewing  time,  we 
inversely  scale  the  frequency  spectrum,  so 
that  when  Figure  la  is  viewed  in  the  compressed 
time  of  Figure  lb,  we  are  "seeing"  only  the 
flat  part  of  the  frequency  spectrum  of  Figure 
Id.  Similarly,  when  Figure  Id  Is  "seen”  as 

Figure  lc,  we  are  seeing  only  the  portion  of 

—2 

the  spectrum  with  slope  f  .  From  similar 
ceiis id erat ions  the  waveform  of  Figure  le, 
viewed  in  a  compressed  time  scale  becomes  the 
Impulse  of  Figure  lb,  and  viewed  on  an  expanded 
time  scale  becomes  the  step  function  of  Figure 
la. 

Such  exercises  in  scaling  time  and 
frequency  are  useful  in  diagnosing  system 
responses  to  pulses  such  as  the  one  shown  in 
Figure  Id.  A  system  stimulated  by  this  pulse 
"thinks"  it  sees  a  ramp  (f-2  spectrum)  early  in 
time,  but  later  it  "thinks”  it  Bees  a  step 
function  <f-1  spectrum),  and  very  late  in  time, 
it  "thinks"  it  has  seen  an  Impulse.  Since  the 
step  and  ramp  responses  are  readily  derivable 
from  the  Impulse  response  (by  one  or  two 
integrations ,  respectively),  the  approximate 
response  to  a  pulse  such  ss  that  of  Figure  Id 
can  be  synthesized  from  an  impulse  response. 
Conversely,  the  impulse  response,  in  the 
frequency  domain,  can  be  synthesized  from  the 
frequency  domain  response  of  the  system  to  the 
pulse  --f  Figure  Id,  providing  there  is  sufficient 
dynamic  range  in  the  frequency  domain  data. 

REQUIREMENTS  OF  THE  MEASUREMENT 

Since  there  is  an  apparent  equivalence 
of  frequency  and  time  through  the  Fourier 
transform,  it  may  be  Inferred  that  all  transient 
testing  could  be  done  in  the  frequency  domain 
using  single-frequency,  continuous-wave  (CW) 
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measurements  to  determine  the  spectrum  of  the 
Impulse  response.  This  approach  has  the 
advantage  that  the  transfer  function  so  obtained 
can  be  used  to  determine  the  svstem  response  to 
any  transient.  The  use  of  CW  measurements  and 
the  Fourier  transform  implicitly  implies  that 
the  system  is  linear  under  the  transient  condit¬ 
ions  of  Interest,  If  this  presumption  is  valid, 
one  must  further  consider  the  quantity  of 
fi’oquoncy-domain  data  required  to  perform  the 
inverse  Fourier  transform  and  obtain  the 
transient  response. 

Lot  us  assume  that  the  transient  stimulus 
Is  of  the  form  shown  in  Figuro  Id  in  which  the 
exponential  coefficients  ft  and  b  nro  finite  and 
greater  than  zero,  and  that  b  »  a.  Then 
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measurements  of  the  magnitude  and  phase  of  the 
transfer  function.  For  a  pulse  whose  rise  is 
10  nanoseconds  and  whose  duration  is  1  micro¬ 
second, 
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To  adequately  define  the  spectrum  of  this  pulse 
(and  tho  spoctrum  of  tho  nystom  response  to  the 
pulse)  wo  must  measure  tho  system  transfer 
function  ever  a  range  of  frequencies  that 
extends  from  woll  bolow  tho  first  break  in  the 
pulse  spoctrum  to  well  abovo  tho  second  break. 
The  first  broak  occurs  at 


fl~ 


a 

2ji 


and  tho  second  broak  occurs  at 
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or  in  terms  of  the  pulse  rise  tine  constant 
Tr  =■  i/h  and  the  decay  time  constsnt  f  1/a, 
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If  we  plan  on  using  the  fast  Fourior  transform 
to  obtain  tho  inverse  transform,  we  are  further 
constrained  to  equal  Increments  of  frequency  so 
that 


It  is  not  an  uncommon  requirement  that 
500  to  1000  frequencies  are  needed  to  obtain 
a  roliable  inverse  transform  for  a  pulse 
spectrum  having  a  duration-to-rlae-timo  ratio 
of  100.  Even  with  fairly  sophisticated  equip¬ 
ment,  of  the  order  of  one  second  may  be  required 
to  mako  a  measurement  at  each  frequency.  With 
1000  measurements  to  be  made,  the  complete 
transfer  function  will  require  of  the  order  of 
15  minutes  to  measure.  With  less  sophisticated 
instrumentation  these  measurements  might  take 
several  hours  to  make. 

Somewhat  fewer  frequencies  may  be  used  if 
tho  slower  transform  techniques  which  do  not 
require  equal  increments  of  frequency  is  used. 
Some  measurement  time  may  then  be  saved  at  the 
expense  of  somewhat  Dore  computer  time  for  the 
transformation  process. 

Tho  block  diagram  of  an  automatic  CW 
measurement  system  that  vas  designed  and  built 
at  SHI  for  system  transfer  function  measurement 
Is  shown  in  Figure  2.  This  equipment  was 
designed  to  obtain,  conveniently  and  rapidly, 
transfer  functions  that  describe  the  response 
of  a  systea  to  an  electromagnetic  environment. 
The  principal  elements  of  the  system  are: 

.  A  transmitter,  which  provides 

signals  to  drive  an  antenna  array 
or  the  system  under  test 

.  A  microwave  system  which  furnishes 

a  tracking  reference  signal  to  tho 
tracking  detector  receiver 


bt  =  Constant  «  fJ  . 
To  perforu  the  numerical  integration 


A  tracking  detector  receiver,  which 
provides  the  transfer  function  between 
the  reference  and  test  point  signals 
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A  microwave  system  which  furnishes  a 
reference  drive  function  for  the 
tracking  detector  receiver 


An  analog  papor  chart  recorder  and 
digital  magnotlc  tape  recording  system. 

Transmitter  frequencies  from  10  kHz  to  50 
MHz  and  receiver  tracking  reforonco  frequencies 
from  100.01  MHz  to  150  MHz  are  derived  from  a 
Hewlett-Packard  5105A  frequency  synthesizer, 
externally  controlled  by  an  SRI -constructed 
digital  programmer  and  a  punched  paper  tapo 
program  reader.  The  frequency  stepping  rate 
and  off-time  period  aro  variable  parameters  of 
tho  programmer;  for  most  data  runs,  a  rate  of 
about  one  stop  per  second  is  used  with  an  off 
time  of  approximately  300  ms. 

The  receiving  system  consists  of  two  units; 
as  SRI-constructed  RF  and  IF  unit,  and  an 
extensively  modified  Hewlett-Packard  676A  track¬ 
ing  detector.  The  system  is  the  equivalent  of 
a  dual-chan..»l  receiver  that  can  be  tuned  to  any 
desired  frequei.'v  between  10  kHz  and  50  IMz  by 
injecting  a  tracking  reference  signal  at  a 
frequency  100  MHz  hig>er  than  the  desired  receive 
frequency.  The  receiver  orocesses  the  input 
signal  and  provides  a  dc  vc’tago  output  for  each 
channel  proportional  to  the  U  j  of  the  input 
signal  ovor  an  80-dC  dynamic  ran^o.  Additional 
circuitry  moasures  the  phase  difference  between 
Channels  A  and  B  and  the  amplitude  difference 
(A-B) .  Since  the  (A-B)  channel  output  is 
actually  proportional  to 

A 

log  (A)  -  10?  (B)  =  log  -  , 

O 

it  can  be  used  to  measure  a  transfer  function 
directly,  if  one  channel  ia  considered  to  bo  a 
driving  function.  Dielectric  waveguide  isolation 
links  in  tho  x-band  system  for  supplying  the 
tracking  reference  signal  and  excitation  field 
sensor  signal  to  the  receiving  system  are  used 
to  avoid  compromising  the  integrity  of  tho  system 
shield . 

To  avoid  tho  lengthy  measureme-t  process  that 
seems  necessary  to  adequately  define  tho  CW 
transfer  function  with  manual  measurement  one  may 
conclude  that  this  transfer  function  could  be 
obtained  more  simply  from  tho  tianoiont  data. 

Thus,  for  example,  one  would  record  the  exciting 
waveform  and  the  response  wavefoim,  Fourier 
transform  each,  and  divide  the  transformed 
response  by  the  transformed  excitation  to  obtain 
tno  transfer  function.  Because  the  transients 
requiro  only  a  few  microseconds  to  record,  it 
appears  that  the  transfer  function  which  took 
minutes  or  hours  to  measure  with  CW  instrument¬ 
ation  requires  only  microseconds  to  measure  with 
transients  recorded  on  an  oscilloscope.  To  be 
sure,  the  transient  data  must  be  processed  to 
obtain  tho  transfer  function,  but  these,  it  may  be 


contended,  are  largely  machine  operations  that 
can  be  performed  quickly  and  economically. 

Lot  us  examine  this  proposition  more 
carefully.  Just  as  it  takes  500  to  1000 
frequency  samples  to  adequately  define  the 
transfer  function,  it  will  take  approximately 
the  same  number  of  time  samples  to  adequately 
define  the  input  and  response  waveforms  for 
Fourier  transformation.  Thus  two  or  more 
oscillograms,  with  accurate  time-ties  between 
successive  oscillograms,  may  bo  required  to 
define  each  waveform.  A  more  severe  limitation 
on  the  process  of  obtaining  transfer  functions 
from  transient  data,  howevor,  is  the  dynamic 
range  that  can  be  achieved  from  oscillograms. 
Since  there  is  an  upper  limit  of  a  few  centi¬ 
meters  in  the  usable  deflection  of  an  oscillo¬ 
scope  trace,  and  a  lower  limit  of  a  fow 
hundredths  of  a  centimeter  in  trace  width,  there 
is  an  inherent  limit  in  tho  accuracy  of  the 
oscillogram,  oven  if  no  error  oxists  in  tho 
sensor  and  signal  processing  components .  This 
accuracy  limit  leads  to  a  limit  in  dynamic 
range  or  bandwidth  (or  both)  in  the  Fourier 
transformed  data.  Tho  dynamic  range  of  the 
transformed  data  is  usually  limited  to  about 
40  dB.  Because  the  transfer  function  is  tho 
ratio  of  two  such  transforms  (the  excitation 
and  the  response) ,  the  dynamic  range  of  the 
transform  function  may  be  considerably  less 
than  40  dB  (often  loss  than  20  dB) . 

An  example  of  a  transfer  function  computed 
from  transient  data  is  illustrated  in  Figure  3. 
This  transfer  function  was  obtained  from  very 
well-behaved  oscillograms,  so  that  the  more 
general  problems  of  trace  dim-out,  time-tying, 
etc.,  that  may  bo  encountered  in  transient  data 
were  not  present.  In  addition,  tho  transfer 
function  was  for  a  simple  tubular  shield  that 
could  bs  accurately  analyzed  to  give 

YT 

z  =  q  - 1 - 

T  o  sinhyT 

where 

Y  =  (1  +  J)  /jTfJTo 

and  u,  a,  T,  and  are  independent  of 
frequency.  Thu3  high  frequencies  the  trans¬ 
fer  function  should  behave  as 

|  Z  |  ^  2/2  R  T  J7i\&  o-^T 

T  O 

\ » J t  . 

It  is  appareni  that  both  tho  magnitude  and  phase 
of  tho  transfer  function  of  Figure  3  became 
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MAGNITUDE  AND  PHASE  OF  A  TRANSFER  FUNCTION  OBTAINED  FROM 
TRANSIENT  DATA 
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erratic  when  the  magnitude  has  decreased  20  d£ 
from  its  maximum  value. 

An  additional  problom  that  may  bo  encount¬ 
ered  in  acquiring  and  processing  transient  data 
to  obtain  transfer  functions  is  related  to  the 
spectrum  of  rectangular  pulsos.  Let  us  define 
the  rectangular  pulse  as 

R(t,T)  =  R,  0  *  t  £  t 

=  0,  t  >  t  . 


necessary  to  efficiently  measure  the  magnitude 
and  phase  of  the  transfer  function  ovor  a 
useable  range  of  frequencies.  With  the  trans¬ 
ient  method  of  determining  transfer  functions, 
fairly  simple  equipment  can  be  used  to  obtain 
the  data  rapidly,  but  dynamic  range  and  useable 
spectrum  may  bo  quite  limited,  and  the  data 
acquisition,  processing,  and  interpretation 
are  subject  to  many  subtle  pitfalls. 

SCALE  MODEL  TECHNIQUES 


The  Fourier  transform  of  this  pulse  is 


_  sin  ujt/2  -Jujt/2 

R(ui,  t)  =  Rt  - — —  e 

U)t/2 


Becauso  of  tho  (sin  wt/2)/(u>t/2)  term  in  this 
transform,  tho  magnitude  of  the  pulse  spectrum 
goes  to  zero  at 


—  =  nn  (n  =  0,  1,  2 . ) 

Tho  spectrum  of  a  reccangular  pulse  of  area  1 
is  shown  in  Figure  4  to  illustrate  these  zeros. 
This  characteristic  of  the  rectangular  pulse  is 
important  for  two  reasons.  First,  if  a  rectang¬ 
ular  pulse  is  used  as  the  excitation  pulse,  the 
transfer  function  obtained  from  processing  tno 
transient  data  will  be  cluttered  witn  spikes 
which  occur  at  each  point  where  the  excitation 
pulse  spoctrum  goes  to  zero  (since  tho  response 
spectrum  is  divided  by  the  excitation  spectrum. 
Those  spikes  often  make  the  transfer  function 
unintelligible.  Second,  if  tho  wave  forms  (from 
any  source)  are  truncated  before  tho  transient 
roaches  zero,  this  is  equivalent  to  changing  the 
pulse  from  o(t)  to  e(t)R(t,T);  the  spectrum  of 
function  e(t)R(t,-r)  contains  all  the  zeros  that 
the  spectrum  of  R(t,i)  contains,  so  that  tho 
clutter  problem  described  above  is  encountered 
even  if  the  source  spectrum  was  "void-free"). 

If  both  tho  excitation  o(t)  ar.a  the  response 
r(t)  are  truncated,  the  transfer  mnetion  will 
contain  zeros  from  the  tiuncated  response  and 
poles  (spikes)  from  dividing  by  the  zeros  in  the 
truncated  excitation  spectrum.  The  transfer 
function  so  obtained  may  therefore  be  utterly 
useless.  (An  analogous  aliasing  of  tho  time 
domain  responses  occurs  when  the  frequency 
spectra  are  improperly  truncated  or  the  sampling 
rate  is  inadequate.) 

To  summarize  tho  discussion  of  transfer 
function  m.oasurements,  it  is  noted  that  tho  Ctf 
method  can  provide  an  accurate  measurement  of 
transfer  function  ovor  a  largo  dynamic  range, 
but  a  very  large  number  of  measurements  is 
required  and  fairly  sophisticated  equipment  is 


In  discussing  the  waveforms  of  Figure  1 
it  was  noted  that  tne  impulse  and  step  functions 
might  be  represented  by  an  exponential  pulse 
viewed  on  compressed  or  expanded  time  scales. 
Because  the  velocity  of  propagation  of  an 
electromagnetic  wave  is  finite  (in  free  space 
tho  wave  travels  one  foot  in  one  nanosecond), 
tho  appearance  of  tho  pulse  may  also  be 
related  to  the  scale  of  the  system.  Thus, 
for  example,  a  rectangular  pulse  10  ns  wide 
will  Induce  a  stop  function  response  in  a 
system  of  conductors  whose  maximum  dimension 
is  less  than  one  inch,  whereas  it  will  induce 
the  impulse  response  in  a  system  of  conductors 
whose  minimum  dimension  is  more  than  100  ft. 

Such  concepts  lead  to  the  idea  of  using  scale 
models  to  study  transient  responses  of  systems. 
Thus,  for  example,  if  a  1/10  scale  mode,,  of 
a  system  is  excited  with  a  transient  whose 
temporal  characteristics  are  10  times  as 
fast  ns  the  full  scale  transient,  the  system 
response  will  be  a  transient  whose  temporal 
characteristics  are  also  10  times  as  fast  as 
o  full  scale  pulse.  Because  the  linear 
dimensions  are  a  factor  of  10  smaller,  however, 
the  working  space  and  transient  power  required 
are  greatly  reduced.  Transient  measurements 
on  scale  models  are  particularly  useful  for 

(1)  defining  excitation  requirements 
such  as  wave  front  planarity, 
uniformity  of  field  strength,  area 

of  coverage,  rise  time,  and  duration, 
all  of  which  affect  the  cost  of 
simulators  for  illuminating  large 
systems . 

(2)  Studying  the  coupling  of  the  electro¬ 
magnetic  wave  to  elements  of  tho 
system  to  verify  and  guide  analytical 
efforts,  to  assess  directional 
effects,  and  to  investigate  the 
degree  of  coupling  to  major  system 
components, 

(3)  determine  the  current  and  field 
distribution  on  major  elements  of 


tho  system  so  thav  full  scale  excit¬ 
ation  requirements  can  bo  established 
(o.g.,  currents  that  must  bo  injected 
on  long  appendages  such  as  power  linos, 
communication  cables,  etc,,  to  simulato 
the  transients  propagating  into  tho 
system  on  those  conductors). 

(4)  evaluating  simulator  concepts  prior  to 
design  and  construction  of  tho  full 
scale  simulator. 

Some  examples  of  scale  model  experiments 
that  have  been  performed  at  SRI  will  be  described 
briefly  to  illustrate  tho  type  of  applications  for 
which  modeling  is  particularly  well  suited. 

The  first  example,  illustrated  in  Figure  S, 
is  only  partially  scaled  in  dimensions.  Tho 
purpose  of  this  model  was  to  evaluate  methods  of 
erminating  a  charged  transmission  lino  pulso 
source  in  order  to  add  an  exponential  decay  to 
the  rec'. -mauler  pulse  produced  by  the  discharge 
of  the  transmission  lines  (to  avoid  zeros  in  the 
pulse  spectrum  discussed  earlier).  The  full-scale 
pulso  source  was  to  be  operated  at  several 
hundred  kilovolts,  so  that  trial-and-error  tech¬ 
niques  would  be  very  expensive  on  the  ..ull  scale 
system,  a t,  would  rigorous  analysis  of  the  system 
rosponse  taking  into  account  all  of  the  trans¬ 
mission  line  effects  with  complex  RLC  terminations. 
Using  tho  low-voltage  model  illustrated  in 
Figure  5a,  however,  it  was  possible,  in  tho  course 
of  a  few  hours,  to  assess  the  effect  of  a  wide 
variety  of  RLC  terminations  and  select  a  realiz¬ 
able  combination  of  R,  L,  C,  and  lino  length  that 
would  achieve  tho  desired  goals.  In  addition  to 
determining  what  the  best  combinations  of  these 
parameters  wore,  however,  it  was  also  learned  how 
bad  some  of  the  poorer  combinations  wore,  so  that 
as  the  full  scale  design  progressed  and  tradeoffs 
became  necessary,  the  probable  effect  of  compro¬ 
mises  In  the  design  was  hotter  understood.  This 
by-product  of  the  use  of  scale  models  as  an  aid 
in  the  design  of  complex  and  expensive  systems  is 
one  of  the  major  advantages  of  modeling  that  is 
often  overlooked.  The  model  in  this  case  was 
constructed  of  low-voltage  components  of  tho  typo 
that  would  be  found  in  most  electronics  stock- 
rooms,  and  assembly  in  a  breadboard  fashion  was 
adequate  for  theso  experiments.  Construction  of 
the  model  was,  therefore,  neither  expensive  nor 
technically  difficult. 

A  second  oxamplo  is  illustrated  in  Figure  6. 
In  this  case,  tho  objective  was  to  obtain 
information  to  aid  in  tho  design  of  a  horizontal 
dipole  antenna  for  radiating  a  fast  rise-time 
transient  with  an  oxponentlally  decaying  tail. 

Tho  full  scale  dipole  was  to  be  operated  near  the 
ground  and  fed  witn  a  transient  source  of  several 


megavolts.  The  radiating  dipole  was  expected 
to  bo  sevoral  hundred  feet  long,  anti  composed 
of  a  biconic  section  for  launching  the  leading 
edge  followed  by  a  cylindrical  section  for  the 
l&to-tlmo  part  of  tho  pulse. 

Numerous  dipole  configurations,  including 
tapered  resistance  loading  of  the  elements  and 
various  termination  configurations  and 
impedances,  were  studied  on  l/!50th  scale 
models  in  tho  laboratory.  For  sorno  of  theso 
studies,  the  complete  antenna  was  modeled, 
while  for  others,  it  was  convenient  to  model 
only  half  the  antenna  and  use  a  ground  plane 
image  to  produce  the  effects  of  the  other  half. 
Tho  latter  technique  is  illustrated  in  Figure 
6  along  with  the  transient  magnetic  field 
pulses  measured  in  the  vicinity  of  the  model. 

A  repetitive  pulser  that  uses  a  charged 
capacitor  or  charged  transmission  line  switched 
onto  the  load  by  a  chattor-free  mercury-wotted 
relay  was  used  as  tho  pulso  source  for  these 
experiments.  Pulse  rise  times  of  0.3  ns  were 
obtained  with  ihis  pulser.  The  fields  of  the 
pulse  antenna  were  measured  with  small  slot 
and  parallel  plate  antennas  mounted  along  the 
ground  plane.  A  sampling  oscilloscope  with  an 
X-Y  recorder  was  used  to  record  the  transients. 

Many  inexpensive  sheet-metal  models  were 
used  in  this  experiment  to  study  particular 
features  of  the  dipole.  To  study  the  effect 
of  the  biconic  feed  structure  on  the  leading 
edge,  for  example,  models  larger  than  l/150th 
scale  of  the  feed  structure  were  used.  Smaller 
models  were  used  to  study  the  late-time  behavior, 
since  the  late  time  behavior  was  found  to  be 
independent  of  the  pulse  rise-time.  Other 
models  were  jsed  to  determine  the  effects  of 
making  the  cylindrical  dipole  elements  from  a 
grid  of  wires  rather  than  sheet-metal.  Mcny 
other  design  questions,  such  as  the  behavior 
of  the  radiated  waveform  when  the  ground- 
reflected  wave  returns  to  the  antenna  element 
and  tho  antenna  behavior  change  from  that  of 
a  biconic  radiator  to  that  of  a  cylindrical 
transmission  line,  were  studied  in  detail.  As 
a  result  of  tho  model  studies,  the  final 
design  of  the  full-scale  system  was  significant¬ 
ly  improved,  and  the  confidence  in  the  predicted 
operating  characteristics  was  greatly  enhanced. 

A  system-oriented  example  illustrating  a 
model  of  a  large,  ground-based  system  with 
many  interconnecting  conductors  and  several 
very  long  utility  conductors  is  shown  in 
Figure  7.  The  model  study  of  this  system  had 
two  goals.  First,  it  was  desired  to  determine 
the  requirements  for  an  electromagnetic  simul¬ 
ator  to  bo  used  to  illuminate  tho  facility  with 
a  transient  wave.  Second,  it  was  desired  to 
determine  the  current  magnitudes  and  waveforms 
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at  key  points  in  tho  facility  to  assist  in 
determining  tho  effects  of  coupling  through  tho 
power  system,  cable  shields,  etc.,  to  the 
internal  components  of  the  system. 

Using  a  l/100th  scale  model  of  the  facility 
illuminated  with  a  pulsed  dipole  radiator, 
currents  and  fields  at  selected  points  in  the 
facility  were  measured  for  various  degrees  of 
planarity  and  uniformity  of  the  incidont 
transient  fields  obtained  by  varying  the  range 
between  the  radiating  dipole  and  the  modeled 
facility.  Tho  directivity  of  tho  facility  as 
a  transient  receiver  was  also  studied.  Tho 
Information  gained  from  this  study  permitted 
simulator  requirements,  such  os  planarity  and 
uniformity  of  tho  wavefront,  area  of  illumination, 
and  portability  of  tho  simulator,  which  signif¬ 
icantly  affect  the  cost,  to  be  evaluated  quant¬ 
itatively.  The  magnitude  and  waveforms  of  the 
curronts  induced  in  the  long  conductors  providing 
electric  power,  gas,  and  sewage  service  to  tho 
facility  provide  a  basis  fcr  evaluating  the 
elfect  of  those  appendages  on  the  system  shield¬ 
ing  effectiveness.  In  addition,  the  magnitude 
and  waveform  of  current  that  must  be  injected  on 
these  conductors  to  cost  the  full  scale  system 
has  been  established. 

Because  of  the  complex  shape  of  the  system 
illustrated  ir.  Figure  7,  one  would  have  limited 
confidence  in  a  purely  analytical  attempt  to 
estimate  the  transient  response  of  even  the 
major  features  of  tho  system.  On  the  other  hand, 
a  measurement  program  to  determine  the  system 
response  on  tho  full-scale  operational  system 
would  be  very  expensive  (because  it  is  a  field 
operation),  limited  in  scope  (because  many  desir¬ 
able  test  points  are  ir.accessable)  ,  and  would 
probably  require  removing  the  fa'  llity  from 
operational  status  (or  at  least  compromising  Its 
operational  status).  Using  a  scale  model,  made 
of  sheot-metal,  wire,  tubing,  and  other  conven¬ 
tional  materials,  accurate  measurements  of  the 
magnitude  and  waveform  of  the  transient  response 
at  any  point  on  the  facility  for  any  angle  of 
incidence  or  polarization  of  the  transient  wave 
can  be  made  very  economicr 1 ly . 

A  final  example  illu^tra....,  the  use  of  scale 
models  as  an  analytic  tool.  In  the  case  illus¬ 
trated  ir.  Figure  8,  the  coupling  of  transients 
to  transmission  lines  was  studied  by  illuminating 
a  section  ol  scaled  transmission  line  with  tho 
transient  field  radiated  by  a  pulsed  dipole 
antenna,  Tho  current  and  voltage  induced  in  a 
transmission  lino  were  analyzed  many  years  ago. 

The  solution  for  the  current  and  wnvo  for  a 
wire  over  finitely  conducting  ground  are  very 
complicated,  even  in  the  frequency  domain,  and 
it  is  difficult  to  visualize  tho  interaction 
phenomena  from  these  solutions .  From  a  combin¬ 


ation  of  analysis  and  experiments  on  scale 
models,  however,  It  has  been  possible  to  cast 
tho  solutions  in  a  form  that  permits  obtaining 
an  approximate  response  in  time  domain  by 
inspection,  because  many  uncertainties  about 
the  relative  importance  of  radiation  and  ground 
effects  wore  quickly  eliminated  by  the  experi¬ 
ments.  With  the  model,  it  was  also  possible 
to  quickly  study  tho  effects  of  ongle  of 
incidence  of  the  transient  wave,  effects  of 
varying  configuration  parameters  such  as  lino 
height  or  length,  and  the  effect  of  adding 
elements  such  as  various  loads  at  the  terminals, 
extraneou  ground  wires,  etc. 

An  example  of  the  estimated  and  measured 
responses  of  the  wire-ovor-ground  with  a 
vortical  ground  lead  at  one  end  (as  shown  in 
Figure  8)  is  shown  in  Figure  9.  The  incident 
waveform  is  a  step  function  arriving  from  the 
direction  of  the  open  end  of  tho  wire  at  an 
elevation  angle  Y  of  30  degrees.  The  response 
consists  of  the  superposition  of  the  current 
induced  in  the  horizontal  conductor  by  the 
horizontal  component  of  electric  field  and  the 
current  induced  in  the  riser  by  the  vertical 
component  of  electric  field.  The  field  its6lf 
consists  of  two  components — the  direct  lay  and 
tho  ground-rof.ected  ray.  Each  of  these  induces 
two  components  of  current — a  forward  traveling 
component  and  a  backward  traveling  component. 

In  Figure  9,  only  the  forward  components 
traveling  toward  the  base  of  the  riser  are 
observed,  since  tho  backward  traveling  compon¬ 
ents  must  propagate  to  tho  open  end  of  the  line 
and  back  before  they  are  observed  at  the  base 
of  tho  riser.  At  the  base  of  the  riser,  one 
first  sees  the  current  in  tho  riser  building 
up  as  it  propagates  in  from  further  up  the 
riser.  After  hsin^/c  =  h/2c,  all  this  current 
has  arrived  at  the  base,  and  current  induced 
in  tho  horizontal  wire  begins  to  arrive.  This 
current  opposes  the  riser  current,  and  the 
total  current  begins  to  decrease.  After 
2hsinji/c  =  2h/c,  the  ground  reflected  wave 
forces  tho  field  along  the  horizontal  conductor 
to  zero,  so  that  the  current  can  no  longer 
build  up.  The  current  then  remains  consistent 
until  reflections  (which  occur  much  late_ ) 
from  tho  open  end  arrive.  The  experimental 
data  illustrates  these  characteristics  of  the 
response,  as  well  as  some  effects  of  the 
finitely  conducting  ground,  on  the  response  of 
tho  horizontal  conductor.  Because  of  the 
imperfect  ground,  the  ground  reflected  wave 
does  not  completely  "turn-eff"  th  horizontal 
field  driving  the  wire,  so  the  current  contin¬ 
ues  to  rise  slowly  after  the  reflected  wave 
arrives. 
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Experience  with  the  use  of  scale  modols  to 
study  fast  transient  phenomena  has  demonstrated 
that  this  technique  is  a  very  economical  and 
accurato  method  of  studying  parametric  variations 
on  simple,  as  well  as  complicated,  systems. 

Viewed  as  an  analog  computer,  it  delivers  the 
results  quickly  and  in  the  desired  (transient) 
frrm,  whereas  other  processes  must  breaa  the 
problem  into  small  increments  to  perform  the 
processing  and  then  add  them  together  again  to 
obtain  the  desired  solution.  Although  digital 
computers  are  efficient  at  performing  these 
operations,  the  opportunities  for  error  are 
plentiful  and  sometimes  hidden.  Furthermore, 
analytlcul/digital  computer  techniques  for 
solving  complicated  problems  in  electromagnetic 
transients  are  very  expensive,  both  in  profession¬ 
al  effort  to  develop  and  program  suitable  formul¬ 
ations  of  the  solution  and  in  machine  time 
nocessary  to  calculate  the  results.  Tho  inter¬ 
pretation  of  the  computed  result,  however.  Is 
usually  no  1  ■.  difficult  than  the  interpretation 
of  analog  <..-.ta  from  a  model. 
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Structure  of  Lightning  Noise — Especially  Above  HF 

N.  Cianoe,  C-.  Oetzel,  and  E.  T.  Pierce 
Stanford  Research  Institute 

ABSTRACT 

The  following  paper  summarizes  the  charac¬ 
teristics  of  the  radiation  fields  due  to  light¬ 
ning.  The  fields  are  shown  to  vary  with  time, 
frequency,  and  distance  from  the  discharge,  and 
the  variations  in  time  and  frequency  are  cor¬ 
related  with  the  different  stages  (leader- 
streamers,  return  strokes,  and  recoil  streamers) 
of  the  lightning  flash.  It  is  very  Important 
to  recognize  that  the  radiation  from  lightning 
does  not  consist  of  one  Impulse  but  generally 
Includes  many.  At  VHF,  for  example,  a  single 
flash  usually  generates  about  104  identifiable 
pulses . 

At  VLF  the  radiated  fields  are  largely 
created  by  the  return  strokes  and  recoil  stream¬ 
ers,  while  at  HF  and  VHF  they  are  associated 
with  the  various  leader-streamer  processes.  As 
the  frequency  increases  into  the  microwave 
spectrum  (centimeter  wavelengths)  the  fields 
once  again  appear  to  be  associated  with  the 
.eturn  stroke.  It  is  important  to  understand 
the  basic  characteristics  of  tho  lightning 
radio  emissions  since  they  can  couple  into 
electrical  and  electronic  equipment  causing 
noise  and  errors  as  well  as  producing  damage  to 
some  types  of  solid-state  circuit  components. 

Yet  lightning  noise  is  not  entirely  disadvanta¬ 
geous.  As  an  example  applying  to  the  aviation 
Industry,  it  is  shown  how  the  VHF  lightning 
emissions  can  be  used  to  locate  thunderstorms 
and  potentially  to  provide  methods  for  vectoring 
aircraft  around  thunderstorms. 

IT  IS  WELL  KfGWN  that  lightning  discharges  pro¬ 
duce  electric  and  magnetic  fields  that  vary  with 
time,  frequency,  and  distances.  The  character¬ 
istics  of  these  fields  are  of  practical  impor¬ 
tance  since  they  can  affect  the  performance  of 
electrical  equipment.  For  example,  the  radiated 
fields  can  produce  interruptions  or  errors  in 
computers,  cause  failures  in  electronic  cir¬ 
cuitry  (particularly  with  solid-state  devices) 
and  create  noise  in  communications  equipment. 

On  the  other  hand,  these  fields  can  sometimes 
be  used  to  practical  advantage — for  example,  to 
locate  thunderstorms . 

As  previously  described  by  the  Introductory 
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ning  (1-3)  a  lightning  flash  consists  of 
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various  stages  with  each  stage  havi  ..3  character¬ 
istic  currents.  Briefly,  for  most  of  the  flash 
duration  leader-streamer  processes  are  occurring. 
These  involve  the  advance  of  a  charge-carrying 
channel  by  a  series  of  comparatively  minor 
sparks  that  occur  in  rapid  succession.  Tho  most 
intense  of  these  minor  sparks  are  the  well- 
known  “steps;"  these  are  often  present  during 
the  advance,  from  the  base  of  the  cloud  to  the 
earth,  of  the  leader-s Ireamor  which  initiates 
the  flash  to  ground,  '’suully-- and  paiticularly 
for  streamer  processes  within  a  cloud— it  Is 
difficult  to  distinguish  the  electrical  signal 
associated  with  each  small  spark  involved  in 
advancing  the  streamer;  it  is  only  the  aggregate 
electrostatic  effect  or  the  radiated  electro¬ 
magnetic  "noise"  that  can  easily  be  recognized. 

If  an  advancing  charge-carrying  lender 
encountors  a  concentration  of  charge  of  opposite 
sign,  there  is  a  rapid  recoil  surge  of  current 
backward  along  the  advancing  channel.  The 
electrical  and  luminous  effects  produced  by  such 
surges  are  readily  identified,  in  the  case  of 
intracloud  discharges,  the  phenomena  accompany¬ 
ing  the  sudden  surges  arc  described  as  K  changes . 
Although  these  are  pronounced,  fer  more  intense 
effects  accompany  the  return  strokes  of  the 
flash  to  ground.  In  an  earth  discharge,  the 
initial  leader-'“..a.:nel  typically  carries  negative 
charge  downward  from  the  cloud  When  contact 
with  tho  ground  is  made,  a  vory  intense  upward 
surge  of  luminosity  toward  the  cloud  occurs; 
this  is  a  return  stroke.  There  may  bo  several 
return  strokes  contained  within  a  flash  to 
earth.  During  the  intervals  between  return 
strokes  it  is  believed  that  leader  streamers 
carrying  positive  charge  probe  into  the  cloud 
from  the  upper  part  of  the  channel  energized  by 
tho  return  stroke.  If  such  a  positive  leader 
encounters  a  medium-sized  concentration  of  nega¬ 
tive  charge  within  the  cloud,  there  is  a  recoil 
streamer  giving  p  K  change.  Occas<onally  the 
recoil  may  be  sufficiently  intense  to  extend  as 
far  as  the  ground;  in  these  instances  the  recoil 
streamer  is  known  as  a  dart  leader.  In  its 
passage,  the  dart  leader  recharges  tho  original 
channel  ne2atively,  so  that  when  the  dart 
roaches  the  earth  tho  conditions  are  suitable 
for  another  return  stroke  to  surge  upward.  It 
is  noteworthy  that  K  changes  ara  present  both 
for  intracioud  discharges  and  for  flashes  to 
earth  (between  return  strokes  or  after  the  final 


50 


return  stroke).  On  the  other  hand,  true  return 
strokes  occur  only  for  the  discharge  to  earth, 
since  It  is  solely  In  this  case  that  one  extre¬ 
mity  of  the  spark  is  a  large,  homogeneous,  good 
electrical  conductor.. 

The  fields  produced  by  lightning  are  dif¬ 
ferent  for  each  stage,  and  very  complex  in  many 
respects.  A  considerable  amount  of  effort  has 
gone  into  tholr  understanding  and  interpreta¬ 
tion,  since  a  largo  portion  of  our  knowledge  of 
lightning  processes  is  based  on  a  vai  .ety  of 
electric  and  magRetic-fiola  measurements.  In 
general,  the  fields  produced  by  lighting  con¬ 
sist  of  the  far  fields  or  radiated  components 
and  the  near  fields  or  static  and  induction 
components.  Analytically,  these  far-  and  near¬ 
field  components  con  bo  approximately  represen¬ 
ted  by 


E 


T 


1  dM^ 
~2 

C  D  dt 


(1) 


where  Mt  is  the  current  moment,  21^1 t — it  being 
the  current  and  lt  being  the  length  of  the 
current  channel  energized  by  it-  Of  course, 
retarded  values  of  time  (t  -  D/c)  are  Implied 
and  eQ  Is  the  permittivity  of  free  space.  The 
first  term  of  Et  is  the  static  field,  the  second 
term  Is  the  induction  term,  and  the  third  term 
Is  the  radiation  field.  It  can  be  seen  from 
Eq.  (I)  that  the  relative  contribution  of  these 
components  to  the  total  field  is  dependent  on 
the  frequency  and  distance  from  the  source.  If 
Et  were  expressed  in  the  frequency  domain,  then 
the  tnree  components  would  be  equal  when 
D  =  c/(2nf ) .  Generally  speaking,  for  distances 
greater  than  15  km  and  frequencies  exceeding 
3  kHz,  the  radiated  fields  are  dominant.  Re¬ 
views  of  the  radiated  fields  have  been  presented 
by  Kornor  (4)  and  by  Oetzel  and  Pierce  (5). 
Extensive  references  to  electrostatic-field 
measurements  can  be  found  in  the  standard  texts 
(6-9).  The  following,  however,  summarizes  the 
characteristics  of  the  radiated  field  components 
only. 


RADIATION  FIELDS 


The  structure  of  the  electromagnetic  radia¬ 
tion  from  lightning  varies  with  frequency  ano 
time  as  schematically  illustrated  In  Figure  1. 
For  this  analysis,  the  fields  only  for  close 
(within  ~  1QQ  R»)  lightning  are  presented;  pro¬ 
pagations!  degradation  is  therefore  not  con¬ 
sidered.  The  oloctric  fields  for  a  typical 
ground  and  cloud  flash  are  shewn,  Illustrating 
the  relative  magnitudes  of  the  fields  at  various 
frequencies.  At  very  low  frequencies,  VLF  (3 
to  30  kHz),  the  pulses  are  dlscrote  and  are 
generated  principally  by  the  return  stroke  and/ 


or  roooil  streamers  (h-ohangos) .  As  the  fre¬ 
quency  increases,  the  number  of  pulses  per  flash 
also  increases,  with  a  maximum  of  about  I04  per 
discharge  for  frequencies  between  30  to  300  MHz 
(VHF);  the  disturbance  accompunylng  the  flash 
is  then  quasi-ccntinuous .  These  pulses  appear 
to  be  associated  with  the  Initial  leader,  In¬ 
cluding  its  steps,  and  also  with  the  electrical- 
breakdown  processes  accompanying  probing  leaders 
moving  within  the  cloud.  These  probing  leaders 
can  occur,  for  a  flash  to  earth,  between  return 
strokes  or  after  tho  final  stroke;  for  an  intra¬ 
cloud  discharge  their  presence  is  possible  at 
almost  any  stage  of  the  discharge.  We  note  tho 
interesting  ieature  that  the  signals  at  HF  and 
VHF  associated  with  return  strokes  and  K  changes 
are  not  strong,  and  are  indeed  partly  "quenched" 
following  the  occurrence  of  return  strokes  and 
K  changes.  It  is  believed  that  this  quenching 
is  due  to  a  temporary  absence  of  probing  leaders. 
As  frequency  is  further  increased  beyond  the 
V.'F  range,  there  is  a  sharp  decrease  in  the 
number  of  pulses  until  at  centliretric  wavelengths 
GHz;  the  pulses  are  again  well  separated  and 
associated  with  the  macroscopic  features  of  the 
return  strokes. 

Peak  pulse  amplitudes  are  reached,  for  a 
flash  to  earth,  at  frequencies  of  about  5  kHz. 
With  increasing  frequency  up  to  about  1CP  MHz 
there  is  a  general  decrease  in  amplitude,  which 
approximately  follows  an  inverse  frequency  de¬ 
pendency.  However,  over  substantial  sections 
of  the  spectrum  between  10  kHz  and  104  MHz 
there  are  probably  appreciable  deviations  from 
this  simple  law.  Figures  2  and  3*  illustrate 
the  spectral  characteristics  of  tho  radio 
emissions  from  close  lightning.  The  results — 
which  present  information  from  seversi  source^-- 
have  been  normalized  to  e  distance  of  10  km. 
Figure  2  represents  the  amplitude  spectrum,  S(f), 
of  tho  return-stroke  signals,  while  Figure  3  is 
the  peak  amplitude,  cp,  for  a  receiver  of  band¬ 
width  1  kHz  and  for  all  lightning-generated 
emissions.  The  relation  between  S(f)  and  ep  is 
complicated,  as  described  by  Horner  (4),  who 

has  derived  a  relation  between  S(f)  and  c  for 

p 

a  narrow-bandwidth  receiver.  For  illustrative 
purposes,  though,  Figures  2  and  3  can  be  appro¬ 
ximately  interconnected  (18)  If  the  ordinate 
scale  of  Figure  2  is  multiplied  by  10*^,  as  shown 
by  the  solid  curve  in  Figure  3.  It  should  be 
noted  that  for  frequencies  below  100  kHz  where 
the  signals  are  discrete  pulses,  the  field  is 
scaled  linearly  with  bandwidth.  At  5  kHz  the 
spectrum  of  the  return-stroke  pulse  (Figure  2) 


*The  references  for  Figure  3  are:  Takagl  (10), 
Horner  (11),  Iwntn  (12),  Ha  llgron  (13),  Oetzel 
(5),  Atlas  (14),  Schafer  (15),  Ci nnos-Octzel 
(16),  Kosarev  (17),  and  Horner  (4). 
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VERTICAL  ELECTRIC  FIELD  FOR  THE  RADIATION  FIELD 
COMPONENT  NORMALIZED  TO  10  km  —  £iVs/m 
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FIGURE  1  STRUCTURE  OF  THE  FIELDS  RADIATED  8Y  LIC  TTNING  AS  A  FUNCTION  OF 
TLvIE  AND  FREQUENCY 
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SIGNAL  AMPLITUDE  —  - —  1  kHz  bandwidth 
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exceeds  the  spectrum  of  a  K-change  pulse  by  more 
than  an  order  of  magnitude.  But  at  100  kHz  the 
two  spoctra  are  more  comparable. 

Analytic  models  describing  the  frequency 
dependence  of  the  radiated  fields  on  the  physi¬ 
cal  processes  are  not  well  developed  for  the 
entire  spectrum.  However,  at  frequencies  less 
than  100  kite,  several  models  describing  the 
radiation  from  the  return  stroke  are  available 
(is).  Despite  these  shortcomings,  a  model  re¬ 
lating  the  field  strength  over  a  wide  range  of 
frequencies  is  often  required.  An  empirical 
relation  hetween  the  peak  field  strength,  ep, 
and  tho  frequency,  based  on  r.  form  previously 
derived  (19),  is 

e  f  . 

log  —  =  -  log  —  for  f  2  1  kHz  (2) 
o  f  _  I 

o  m  1 

6 

where  e  =  2  x  10  pV/c  in  a  1-kHz  bandwidth  and 
the  frequency  mode,  fn,  is  5  X  l*1-3  MHz,  the 
frequency,  f,  being  expressed  in  megahertz. 

Then  Op  is  the  field  strong th  in  pV/m  in  a  1-kHz 
bandwidth  and  normalized  to  a  distance  of  10  km. 
Equation  (2)  is  shown  in  Figure  3.  It  is  a 
reasonable  fit  to  the  entire  experimental  data 
from  10~3  vo  104  MHz.  It  should  be  noted  that 
the  model  for  ep  represents  the  average  or  typi¬ 
cal  field  strength,  but  that  ep  also  has  a 
statistical  behavior  generally  obeying  a  log¬ 
normal  distribution  with  a  standard  deviation 
of  about  6  dB  relative  te  the  moah  (4,5). 

Equation  2  is  only  an  analytical  tool  and  does 
not  imply  any  physical  justification.  The 
radiation  fiolds  are  scaled  linearly  with  dis¬ 
tance  for  distances  exceeding  10  km,  as  square- 
root  of  the  bandwidth  for  frequencies  greater 
than  100  kHz,  and  linearly  with  bandwidth  for 
frequencies  less  than  100  kHz  (4,  18). 

A  word  of  caution  regarding  the  use  of 
Figures  2  and  3  is  in  order.  These  figures 
have  been  normalized  to  a  distance  of  10  km, 
and  it  has  been  indicated  that  a  scaling  in¬ 
versely  with  distance  is  appropriate  for  greater 
distances.  It  is,  however,  a  very  dangerous 
procedure  to  apply  an  inverse  scaling  to  dis¬ 
tances  appreciably  less  than  10  km.  For  example, 
at  VLF  the  lengths  of  the  radiating  channels 
are  an  appreciable  fraction  of  10  km  and  there 
is  consequently  no  orderly  change  in  magnitude 
with  distance  at  the  closer  ranges  (4).  Also 
it  appears  that  the  subsidiary  sparks  providing 
most  of  the  radiation  at  HF  and  VHF  are  usually 
located  within  the  thundercloud;  consequently, 
they  are  seldom  very  close  to  ground  equipment 
but  may  bo  close  to  an  airplane. 

SUMMARY 

The  behavior  of  the  -«dio  emissions  from 


close  lightning  may  be  summarized  hy  stating 
that  a  multitude  of  subsidiary  sparks  of  many 
different  typos  are  involved — e.g.,  step  leaders 
and  return  strokes.  In  addition,  the  larger 
tho  current  peak  In  a  given  type  of  spark,  the 
longer  the  energized  cnannel,  the  lower  the 
frequency  at  which  peak  signal  is  radiated,  and 
the  loss  frequent  the  occurrence  of  the  partic¬ 
ular  kind  of  spark.  High-current  channels  tend 
to  be  orientated  vertically  (especially  tne 
return  stroke);  however,  minor  subsidiary  dis¬ 
charges  are  much  mor»  randomly  disposed. 

It  cannot  be  over  emphasized  that  a  light¬ 
ning  flash  involves  this  multiplicity  of  sparks 
and  consequently  a  protracted  and  complicated 
generation  of  radio  signals.  It  is  still  a 
common  misconception  that  the  lightning  dis¬ 
charge  occurs  as  one  single  large  spark,  and 
that  therefore  all  radio  emissions  are  produced 
almost  simultaneously  as  in  the  case  of  the 
nuclear  electromagnetic  pulse  (EMP)  (20).  In 
reality  the  time  histories  of  the  lightning 
emissions  and  of  the  EMP  are  quite  different, 
and  comparisons  of  equipment  response  to  the 
two  types  of  signal  should  entail  intelligent 
recognition  of  this  fact.  For  example,  at  HF 
the  EMP  would  generate  one  very  large  pulse 
while  a  typical  lightning  flash  might  create 
ton  thousand  small  pulses.  Designs  of  equip¬ 
ment  can  be  conceived  that  could  survive  the 
Single  large  pulse  but  would  fall  under  the 
repetition  of  tho  small  pulses. 

Although  the  radiated  noise  from  lightning 
often  has  its  detrimental  effects  such  as 
interfering  with  radio  communications,  the 
lightning  radio  emissions  can  be  used  as 
mentioned  in  the  introduction,  to  indicate 
thunderstorm  positions.  An  oxample  of  this 
type  of  use  is  now  discussed;  the  technique 
described  is  especially  applicable  to  close 
(<  100  km)  lightning  and  to  aircraft  operations. 

VLF  radio-location  techniques  are  well 
established  for  locating  distant  thunderstorms 
(>  100  km),  but  for  various  reasons  those 
methods  are  not  very  well  suited  for  accurately 
locating  close  lightning  (4).  Recently,  a  new 
technique  has  been  demonstrated  for  accurately 
locating  close  lightning  using  its  VHF  noise 
emissions  (16).  The  essential  feature  of  this 
technique,  which  is  based  on  a  time-of-arrlval 
approach,  is  that  modern  equipment  enables  a 
short  baseline  to  be  used.  Consequently,  con¬ 
fusion  caused  by  the  multiplicity  of  VHF  pulses 
is  avoided,  and  it  is  possible  to  establish 
the  azimuth  of  a  flash  from  two  sensors  located 
quite  close  together — for  examplo,  at  tho 
extremities  of  an  aircraft.  Thus  the  techni¬ 
que  could  be  profitably  applied  operationally 
when  it  is  of  practical  interest  for  aircraft 
to  avoid  flying  into  thunderstorms  in  ordor  to 
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minimize  the  chances  of  being  struck  by  light¬ 
ning  and  to  avoid  the  strong  turbulence  aiNO- 
ciatod  with  thunderstorms.  It  would  bo  most 
interesting  to  add  a  Clano?  Oetzel-Fierco  light¬ 
ning  locator  (16)  to  an  airplane  so  a.t  to 
complement  its  weather  radar,  in  this  way  the 
troublesome  question,  white  thunderstorm  cells 
Indicated  on  the  radar  are  active  j  .d  producing 
lightning,  could  be  unswereri .  Such  a  combination 
of  techniques  would  aid  pilots  in  determining 
the  optimum  flight  pattern  during  thundery  con¬ 
ditions  . 
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Electrificat ion- Operational  Problems 
Introduction  to  Session 


Captain  John  G.  Breland,  Jr. 

Frank  J.  Seiler  Research  Laboratory 


This  session  is  designed  to  emphasize 
operational  electrification  problems,  both 
actual  and  potential.  With  the  ever  increas¬ 
ing  complexity  of  aircraft  over  the  past 
twenty  years,  more  and  more  emphasis  has  been 
placed  on  total  system  performance  over  a 
widely  varied  flight  profile.  This  has  re¬ 
quired  the  art  to  be  advanceJ  significantly 
with  each  new  commercial  and  military  aircraft 
system  produced. 

As  the  basic  costs  of  systems  increase, 
large.-  percentages  of  available  monies  are 
required  for  design  and  development.  This 
leaves  smaller  and  smaller  amounts  for  testing 
and  evaluation.  This  is  especially  unfortunate 
since  communication  between  structural  and 
electronic  engineers  is  often  very  poor  al¬ 
though  material-atmospheric  interaction 
accounts  for  a  majority  of  electrification 
problems.  The  current  interest  in  returning 
to  lower  frequency  communication  necessitates 
that  electronic  and  design/material  engineers 
re-establish  clear  and  effective  interchange 
of  knowledge. 

The  papers  to  be  presented  in  this  session 
cover  two  topics.  The  first  two  will  discuss 
the  results  of  p-static  on  certain  communica¬ 
tion  and  navigation  systems.  The  second  group 
will  discuss  the  interaction  of  non-metallic 
materials  with  the  airstream. 

Significant  improvements  in  radome  coatings 
have  been  made  in  the  past  few  years  and  these 
new  systems  are  now  ready  for  use  on  aircraft. 
Electrical  properties  of  windshields  have 
received  only  superficial  attention  during  the 
previous  conferences.  The  inclusion  of  several 
papers  on  this  topic  is  an  attempt  to  partially 
rectify  this  omission.  These  discussions  along 
with  an  Air  Force  Windshield  Symposium  in  1973 
should  prove  highly  beneficial  to  designer  and 
electrical  engineer  alike. 

Operational  problems  resulting  from  tribo- 
electric  charging  will  continue  to  occur  if 
for  no  other  reason  than  9r>  oercent  of  Air 
Force  personnel  don't  realise  that  static 
electrification  exists.  Today,  however,  no 
aircraft  system  designer  can  afford  not  to 
realize  it.  It  is  hoped  that  the  current 
discussions  will  prevent  someone  from  having 
an  "operational  problem"  in  the  future. 
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Static  Electricity  Problems — \XF/LORAN  Systems 

John  B.  Chown,  Joseph  E.  Nanevlcz 
Stanford  Research  Institute 

ABSTRACT 

Currently  under  development  are  new  air¬ 
craft  navigational  systems  operating  at  LF  and 
VLF.  This  portion  of  the  radio  frequency 
spectrum  is  particularly  susceptible  to  pre¬ 
cipitation  static  interference.  Results  of 
analysis  and  ground  tests  on  a  LORAN-D  system 
are  presented.  This  work  demonstrates  that 
proper  attention  to  p-statlc  elimination  is 
essential  to  all-weather  system  cperatlon. 

WHEN  AIRCRAFT  FIRST  began  to  be  equipped  with 
radio  communication  and  navigation  systems,  the 
first  navigation  aids  included  the  ADF  system 
and  the  LF  range.  Both  of  these  systems 
operated  at  frequencies  of  hundreds  of  kHz, 
and  both  were  affected  by  precipitation  static 
interference  unless  careful  precautions  were 
taken.  More  recently,  navigation  aids,  parti¬ 
cularly  on  small  military  aircraft,  operated  at 
VHF  and  above  where  the  precipitation  static 
problem  is  less  severe. 

Now,  once  again,  navigation  systems 
operating  in  the  hundred  kHz  range  are  being 
developed  and  used  in  operational  situations. 
Thus  although  this  portion  of  the  spectrum  is 
inherently  more  prone  to  vehicle-generated 
interference,  the  features  of  systems  operating 
at  these  frequencies  are  so  attractive  that 
they  outweigh  the  nolze  problems.  For  example, 
a  modern  LORAN-D  with  associated  logic  system 
can  solve  extremely  complsx  navigation  problems 
relieving  the  pilot  of  a  large  fraction  of  his 
normal  work  load.  Unfortunately  unless  proper 
precautions  are  taken,  all  of  this  capability 
can  be  nullified  by  precipitation  static  as 
soon  as  tho  aircraft  enters  a  cloud. 

The  noise  sources  that  must  be  considered 
are: (1) ,(2)* 

(1)  Sparks  between  unbonded  metal 
sections, 

(2)  Corona  discharges  from  points  of  high 
electric  field,  and 

(3)  Streamer  discharges  over  the  surface 
of  a  charged  dielectric. 

Sparks  between  unbonded  conductors,  which 
generate  severe  noise  with  frequency  components 
extending  to  the  VHF  regions  can  disable  most 
receiving  systems  on  the  aircraft — including 
the  LORAN-D  canopy  installation.  This  source 


* 
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of  noise  can  be  eliminated  by  ensuring  that  all 
metal  parts  of  the  aircraft  are  properly 
electrically  bonded. 

Corona  discharges  occur  wherever  on  the 
aircraft  the  electric  field  intensity  is 
sufficiently  high  to  cause  breakdown  of  tho  air. 
Since,  for  a  given  airplane  voltage,  *he  high¬ 
est  fields  occur  at  the  extremities  of  the 
aircraft,  discharges  occur  first  from  the  ex¬ 
tremities.  At  aircraft  operating  altitudes, 
the  discharge  occurs  in  the  form  of  a  series 
of  short  current  pulses  containing  noise  com¬ 
ponents  in  the  HF  region.  This  noise  couples 
into  all  antennas  on  the  aircraft,  including 
the  LORAN-D  canopy  installation.  The  corona 
noise  level  can  be  reduced  to  negligible 
magnitudes — 50  to  60  dB  by  Installing  passive 
dischargers  at  those  high-field  locations  on 
the  aircraft  where  corona  discharges  would 
normally  occur. (3) 

Streamer  discharges  occur  whenever  fric¬ 
tional  charging  resulting  from  dust  or  pre¬ 
cipitation  impact  causes  a  plastic  region  on 
the  frontal  surface  of  the  aircraft  to  become 
charged  with  respect  to  the  rest  of  the  air¬ 
frame.  The  bound  charge  on  the  plastic  is 
relieved  by  a  series  of  surface  discharges 
"streamers"  to  the  airframe.  These  streamers 
are  an  energetic  source  of  noise,  particularly 
when  the  coupling  is  high — as  in  the  case  of  an 
antenna  located  Immediately  below  the  charged 
plastic  surface.  Furthermore,  the  power  spectrum 
of  streamer  noise  is  flat  up  to  500  kHz  fre¬ 
quency,  at  which  point  it  begins  to  fall  off 
with  increasing  frequency  at  6  dB  per  octave. 
Thus,  low-frequency  systems — such  as  LORAN-D — 
are  most  affected  by  streamer  discharge  noise. 
Streamer  noise  is  most  easily  eliminated  by 
coating  the  outside  surface  of  the  plastic  with 
conductive  material  to  permit  the  charge  to 
flow  away  as  rapidly  as  It  arrives,  thereby 
eliminating  the  discharges  that  are  the  source 
of  noise.  Unfortunately,  there  are  no  satis¬ 
factory  optically  transparent  conductive 
materials,  so  that  the  conductive  coating 
scheme  cannot  be  used  in  the  case  of  antennas 
mounted  inside  plastic  surfaces — such  os 
canopies  and  windshields,  which  must  remain 
transparent  to  light.  Thus,  when  a  canopy 
antenna  installation  is  being  considered,  great 
care  must  be  exercised  to  make  certain  that 
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streamers  on  the  windshield  and  frontal  surfaces 
of  the  canopy  do  not  couple  sufficient  noise 
into  the  antenna  to  cause  the  system  to  mal¬ 
function. 

The  frictional  charging,  which  results  in 
precipitation  static  interference,  occurs  when¬ 
ever  an  aircraft  is  operated  in  precipitation 
containing  ice  crystals.  It  has  been  the 
authots'  experience  that  virtually  all  clouds 
above  20,000  ft  are  composed  of  ice  crystals 
and  produce  vehicle  electrification.  Below 
20,000  ft,  some  clouds  are  composed  of  liquid 
water  and  produce  very  little  charging.  Other 
clouds  below  20,000  ft  contain  ice  crystals  and 
statistically  produced  the  highest  charging 
currents  observed.  Therefore,  to  be  certain 
that  the  system  is  truly  capable  of  all-’veather 
operation,  it  must  be  immur-  to  precipitation 
static  Interference, 


effective  induction  area.  The  antenna  noise 
field  may  be  expressed  in  terms  of  the  source 
spectrum  D(u>),  tho  coupling  factor  and  the 

effective  induction  area  a  by  (4) 

E  k  TD(u))  *  (o))/a]  .  (2) 

n 

Since  the  source  spectrum  D(ts)  is  proportional 
to  the  square  root  of  the  discharge  current  I, 
Eq.  (2)  can  bo  rewritten 

E  =  k'  [/I  *  (tu)/a]  .  (3) 

n 

From  Ref.  3,  the  coupling  factor  <r(iu)  varies 
as  the  square  root  of  the  scale  s  of  the  air¬ 
craft  (s  >  1).  Thus, 


•CORONA  INTERFERENCE 

An  idea  of  the  magnitude  of  the  corona 
noise  problem  likely  to  be  encountered  in  the 
case  of  a  L0RAN-D  system  installed  on  an  F-l’J. 
aircraft  can  be  obtained  through  the  proper 
application  of  laboratory  end  flight  test  data 
generated  on  KC-135  aircraft. 

The  noise  field  induced  in  the  belly 
antenna  on  the  KC-135  prototype  aircraft  (4) 
is  shown  in  Figure  1,  The  noise  field  above 
1  MHz  is  influenced  by  the  airframe  resonances; 
however,  so  that  for  a  smaller  aircraft,  these 
resonance  effects  will  occur  at  higher  fre¬ 
quencies.  According  to  Figure  2  (reproduced 
from  Reference  4) ,  the  noise  current  should 
fall  off  as  1/u)  above  1  MHz  at  20,000  ft 
altitude.  For  small  electric  dipole  type 
antennas,  the  equivalent  noise  field  En  is 
related  to  the  noise  current  In  by  (4) 

I 


where  a  is  the  Induction  area  of  the  antenna, 

(4)  and  €q  =  (1/36  «)  X  10~®  farad/meter.  Thus 
the  noise  field  should  fall  off  as  1/u2  above 
1  MHz  until  the  resonance  effects  are  encountered 
on  the  smaller  aircraft.  Assuming  that  the 
resonance  effects  will  be  the  same  on  the 
small  aircraft  as  on  the  larger  aircraft,  the 
noise  field  on  a  one-half-scalo  aircraft  has 
been  plotted  on  Figure  1.  This  should  represent 
approximately  the  form  of  tho  noise  field  o.' 
the  F-111A. 

To  obtain  tho  magnitude  of  the  noise  field, 
account  must  be  taken  of  the  effect  of  aircraft 
size  on  charging  rate,  coupling,  and  nntonna 


S  ' nee  everything  about  the  general  form  of  the 
aircraft  (including  antenna  size)  is  scaled, 
the  induction  area  a  varies  as  the  inverse 
square  of  the  scale  s,  so  that 


a  ,  =  a/s 

l/s 


The  noise  field  on  the  1/s  scale  aircraft  can 
thus  be  written 


E  .  =  k'  [/}  .'  <r(u))/a]  s>/2  ,  (4) 

n(l/s)  1/s 


or,  in  terms  of  the  noise  fie'd  on  the  KC-135, 


"nd/s) 


■V 


1/s  5/  2 

-T—  3  E 
I  n 


(5) 


whore  E  is  the  value  given  by  the  adjusted 
curve  o?  Figure  1  for  a  discharge  current  I  of 
250  tiA.  The  ''aloes  of  Ijyg  will  be  taken  from 
Figure  3,  which  is  reproduced  from  Ref.  5. 

(These  values  'ill  be  slightly  high  because  the 
scale  size  is  2/3  in  Figure  3  insread  of  1/2). 
The  results  of  this  calculation  are  presented 
iu  Figure  4.  The  atmospheric  noise  field 
strength  was  obtained  from  Ref.  6.  These  values 
were  adjusted  for  a  1-kHz  bandwidth  and  plotted 
in  Figure  4  along  with  the  corona  noise  field 
strength  computed  from  Eq.  (5).  The  corona 
noise  fiold  strength  is  seen  to  be  40  to  60  dB 
greater  than  tho  daytime  atmospheric  noise 
throughout  the  0.1  to  10  MHz  frequency  range. 

The  corona  noise  fiold  strength  is  also  20  to 
40  dB  greater  than  the  night-time  atmospheric 
nodse  throughout  tne  same  frequency  range. 

The  implications  of  noise  on  tho  operation 
of  a  L0RAN-D  system  are  as  follows:  The  L0RAN-D 
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FIGURE  2  NORMALIZED  CORONA  NOISE  SPECTRUM  FROM  TRAILING  EDGE 


1500  mph 


system  designer  can  buy  Improved  performance 
untu  he  nas  roducod  his  system  input  noise 
figure  to  the  atmospheric  noise  level.  From 
this  observation  wo  can  infer  that  such  systems 
are  now,  or  ultimately  will  be,  operating  at 
the  atmospheric  noise  level  limit.  From  Figure 
4,  we  see  that  corona  noise  will  severely  de¬ 
grade  the  performance  of  such  a  system.  In 
particular,  the  analysis  indicates  that  40  dB 
of  corona  noise  reduction  is  required  to  reduce 
the  corona  noise  levels  to  tho  daytime  atmo¬ 
spheric  level, 

NOISE  EXPERIMENTS  ON  LORAN-D  EQUIPPED  AIRCRAFT 

GENERAL  -  Ground  tests  were  conducted  on 
an  F-.05  aircraft  equipped  with  a  LORAN-D 
system  and  with  a  canopy  LORAN-D  antenna  in¬ 
stalled.  (7)  The  antenna  is  made  using  1/2- 
inch  wide  adhesive-becked  copper  tapo  attached 
to  the  inside  of  the  canopy  as  shown  in 
Figure  5.  The  tape  was  soldered  at  each  junc¬ 
tion.  The  measured  antenna  capacity  was  70  pF 
and  the  estimated  effective  height,  based  on 
similarly  located  antennas,  was  «=  0,35  o. 

The  LORAN-D11  antenna  coupler  was  mounted 
in  the  aircraft.  The  cables  connecting  the 
coupler  to  tho  receiver  were  brought  out  aft  of 
the  canopy  to  the  ground.  Provisions  wore  also 
made  to  fcrlng  out  a  lead  directly  from  the 
antenna;  this  antenna  lead  was  connected  to  an 
EMI  receivor  (Empire  Model  105) .  This  con¬ 
figuration  wao  used  during  the  survey  of  the 
aircraft  for  possible  noise  sources  that  would 
be  coupled  into  tho  LORAN  antenna  system.  The 
receiver  was  operated  from  tho  ground  60-Kz 
power  system. 

AIRCRAFT  'JON DING  AlO  RESISTIVITY  -  The 
initial  work  consisted  of  an  inspection  of  the 
LORAN-D  antenna  installation  as  well  as  the 
aircraft  Itself.  At  this  time  resistance  mea¬ 
surements  were  made  to  check  the  bonding 
between  airframe  sections;  particular  attention 
was  given  to  the  canopy  frame  sections  ana 
adjacent  structures.  The  teats  indicated  that 
proper  bonding  was  provided  and  that  no  noise 
should  be  expected  from  discharges  between 
sections  of  tho  airframe. 

To  locate  regions  whore  possible  surface 
streamers  can  be  anticipated,  surface  resis¬ 
tivity  measurements  ware  made  on  tho  plastic 
structures  and  antenna  covers.  It  was  found 
that,  without  exception,  the  resistivity  was 
ve  y  high;  »  2  X  10s  ohms  per  square.  This 
level  is  too  high  to  Lo  effective  it  prohibiting 
surface  charge  buildup.  Tho  paint  used  on  the 
surfaces — apparently  a  rain  orosion  coating — 
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was  either  of  the  MIL-C-7439A  (USAF)  Class  I 
type  (no  resistive  material  added)  or  Class  II 
(with  additivo)  that  had  been  applied  some  time 
ago  and  deteriorated. 

Similar  measurements  made  on  an  operational 
F-4  aircraft  indicated  that  hers  too,  the  sur¬ 
face  resistivity  of  the  dielectric  frontal 
surfaces  was  so  high  that  it  probably  would  be 
Ineffective  in  draining  away  charge  as  it 
arrived  on  the  surfaces,  (Unrepcrtod  measure¬ 
ments  made  by  authors.) 

NOISE  STUDIES  -  A  portable  spark  noise 
source  was  used  to  investigate  the  coupling 
between  the  antenna  and  possible  streamer 
corona  noise  sources  on  the  airctar t. (5)  Tho 
value  of  a  measurement  of  this  sort  is  that  it 
provides  an  indication  of  the  probablo  severity 
of  the  noise  from  various  potential  sources. 
Often,  such  a  measurement  saves  much  time  by 
eliminating  from  consideration  ..else  sources 
whose  coupling  to  the  antenna  is  too  low  to 
result  in  serious  interference. 

Tho  portable  noise  source  was  used  in  con¬ 
junction  with  the  EMI  receiver  to  survey  tho 
aircraft  (150  kHz) .  The  results  of  the  measure¬ 
ments  are  presented  in  Figure  6,  The  numbers 
at  various  locations  on  the  airframe  indicate 
the  dB  reading  observed  on  the  receiver’s 
signal  strength  meter  when  the  noise  source  was 
hold  at  that  location.  Without  the  noise 
scarce  on,  the  "no  signal"  meter  reading  was 
-6  dB, 

It  Is  interesting  at  this  time  to  compare 
the  ground  tost  data  cf  Figure  6  with  the 
predicted  noise  data  of  Figure  4.  For  the  wing 
tip  and  elovator  tip,  the  ground  measurements 
Indicate  that  the  noise,  coupled  from  the  noise 
source  was  20  and  22  dB  respectively  above  the 
ambient  noise  level.  From  Ref,  5  we  find  that 
the  spark  noise  source  is  roughly  equivalent 
to  a  corona  discharge  equal  to  the  spark  source 
current  (15  pA>,  Adjusting  this  to  a  discharge 
current  of  1.5  mA  (corresponding  to  the  dis¬ 
charge  current  from  the  aircraft  at  500  mph  in 
Figure  4;  the  noise  power  goes  up  by  20  dB  and 
we  obtain  a  nois?  level  of  40  to  42  dB  above 
ambient,  Thi3  is  in  good  agreement  with  Figure 
4  which  indicates  that  100  kHz  corona  noise 
for  charging  conditions  corresponding  to  a 
speed  of  500  aph  is  approximately  40  dB  above 
daytime  atmospheric,  (The  measurements  were 
made  during  daylight  hours  on  a  ramp  removed 
from  factory  buildings.)  Thus,  the  ground  test 
data  confirm  the  orediedon  that  corona  dis¬ 
charges  from  the  extremities  can  generate  noise 
fields  in  the  vicinity  of  the  canopy  several 
orders  of  magnitude  above  the  ambient  noise 
level . 
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JLTS  OF  NOISE-COUPLING  SURVEY 


67 


Tho  data  of  Flguro  6  indicate  that  other 
regions  of  high  coupling  (whore  noise  can  be 
generated)  exist  on  the  uircraft. 

It  should  be  noted  that,  with  tho  exception 
of  tho  canopy  region,  tho  noise  can  in  most  cases 
bo  eliminated  by  tho  use  of  static  dischargers 
that  keop  the  aircraft  potential  below  the 
corona  threshold  of  the  structure  itself  and  by 
covering  plastic  surfaces  .~‘th  lossy  paint  to 
prohibit  charge  buildup  anu  subsequent  streamer 
lng.  With  tho  exception  of  tlu  canopy  itself 
which  must  remain  optically  transparent  so  that 
the  normal  opaque  rosistivo  coatings  cannot  be 
applied.  Accordingly,  the  canopy  must  receive 
special  attention. 

To  directly  study  the  noise  generated  by 
charging  of  frontal  plastic  surfaces  in  the 
vicinity  cf  tho  receiving  antenna,  a  portable 
sand  blaster  was  used  to  blow  lycopodium  power 
onto  the  plastic  frontal  surfaces  to  simulate 
the  frictional  charging  caused  by  Impinging 
precipitation  particles  in  flight.  The  noi.se 
generated  in  the  LORAN  receiver  was  monitored. 
During  the  dust-chargir.g  experiment,  measurements 
were  made  of  tho  current  flowing  from  the  plastic 
surface  to  the  airframe.  The  current  density 
levels  can  then  be  compared  to  the  levels  exper¬ 
ienced  on  frontal  surfaces  of  aircraft  In  actual 
flight.  Thus,  some  estimate  of  the  severity  of 
the  te.-.t  can  be  made.  The  charging  current  is 
measured  by  placing  a  conductor  around  the  area 
to  be  exposed  to  tho  blowing  powder.  The 
average  curront  flowing  from  the  sectio  ,  of 
dielectric  surface  under-going  charging  ta  the 
fuselage  is  then  monitored.  Two  such  current 
i_atchos  are  visible  In  the  side  and  front  wind¬ 
shield  In  Figure  7. 

Lycopodium  powder  charging  was  carried  out 
on  all  the  dielectric  surfaces  indicated  in 
Figure  6  with  the  exception  of  the  tail  cap  and 
the  painted  fibergla.iS  rover  aft  of  the  cockpit. 

The  olastie  surfaces  that  produced  signific¬ 


ant  noise  in  tho  cunopy  antenna  system  aie 
listed  in  the  order  of  the  severity  of  the 
coupled  noise: 

(1)  Canopy 

(2)  Side  wlndshlold 

(3)  Front  windshield 

(4)  Nose  radome 

(5)  Ventral  fin 

(61  UHF-ADF  antenna  cover. 

Tho  noise  level  produced  by  powder  blown 

on  tho  windshields  and  canopy  was,  as  one  would 

expect,  much  more  severe  than  at  tho  other 

locations.  The  current  measurements  indicated 

o 

that  charging  rates  on  the  order  of  2  p,A/ft 
wero  obtained  during  the  tests.  Previous  flight 
test  data  indicate  that  this  curront  level  could 
easily  bo  experienced  on  the  F-105  aircraft 
operating  in  ice-crystal  clouds  (1-4). 

Tho  AN/ARN-92  LOIIAN-D  receiver  saturated 
when  lycopodium  powdor  was  blown  on  the  frontal 
surface  of  the  windshield  just  below  the  canopy 
so  that  there  was  a  tangential  flow  of  part- 
iclos  over  the  canopy  producing  1-  to  2-^A/ft 
charging  current. 

Appropriate  circuitry  changes  to  the 
LORAN  receiver  were  made  to  enable  relative 
amplitudes  of  the  generated  noise  and  received 
LORAN  signals  to  be  monitored  on  an  oscillos¬ 
cope.  Tho  strongest  LORAN  signal  received  was 
from  the  slave  station  located  170  miles  from 
the  test  site.  It3  signal  was  used  as  a  ref¬ 
erence  for  tho  nolso  tests.  Auxiliary  attenu¬ 
ators  were  used  to  prevent  recoivor  overloading. 
Results  of  the  po'xiei  charging  tests  are  shown 
in  Table  1 . 

In  summary,  the  ground  tests  showed  that 
si  charging  current  of  1  to  2  of  canopy 

surface  would  cause  the  LORAN-D  receiver  to 
lose  track.  Previous  flight  test  measurements 
have  shown  typical  charging  levels  of  10  to 
30  .ji-ft"  of  effective  frontal  area.  The  in¬ 
flight  psrticle  impingement  and  the  resulting 


noise  level  GENERATED  BY  blowing  lycopodium  powder  os  canopy 
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charging  current  to  the  canopy  cannot  bo 
determined  by  ground  test:  While  the  blowing 
powder  simulates  the  charging  mechanism  and 
charging  levels  encountered  by  frontal  areas  in 
flight  through  particulate  matter,  it  does  not 
simulate  the  fluid  mechanics  of  flight. 

CONCLUSIONS 

Ground  tests  of  the  F-105  are  in  good 
general  agreement  with  the  outcomes  anticipated 
on  the  basis  of  earlier  aircraft  flight  and 
ground  tests  and  laboratory  studies  (1-3). 

Measurements  on  the  F-105  verified  that 
electrostatic  charging  of  the  canopy  results 
in  one  of  tho  most  serious  sources  of  LORAN-D 
noise.  Although  other  potential  precipitation 
static  noise  sources  capable  of  producing 
comparable  antenna  r.oiso  levels  were  located 
on  the  aircraft,  the  others  generally  can  be 
eliminated  through  the  Judicious  application 
of  such  woll-teslod  precipitation-static  noise- 
reduction  techniques  as  passive  dischargers 
and  conductive  paints.  The  canopy,  since  it 
must  remain  optically  transparent,  is  very 
difficult  to  treat.  It  must  be  recallod, 
however,  that  tho  ground  tests  demonstrated 
only  that  severe  noise  would  bo  generated  in 
the  LORAN-D  antonna  provided  precipitation 
charging  as  low  as  2  ^A  occurred  on  the  canopy. 
The  question  of  whether  or  not  e a  ropy  charging 
currents  of  this  magnitude  can  be  expocted  in 
flight  remains  to  bo  answered.  (The  aero¬ 
dynamic  problem  of  calculating  precipitation 
particle  trajectories  around  tho  complex  structure 
consisting  of  a  canopy  moulted  on  an  aircraft 
fuselage  is  so  complicated  that  flight  testing 
will  bt  necessary.)  Some  insight  into  the  problem 
call  ho  gained  from  i  he  results  of  previous  flight 
tests,  which  indicate  that  canopy  currents  of  2pA 
or  so  are  not  uni  'asonably  high.  From  Figure  7 
it  appears  that  the  F-105  canopy  is  sufficiently 
similar  to  the  B—17  canopy  that  the  canopy  inter¬ 
cepting  area  calculations  of  Table  VI,  (2)  can 
be  applied  to  the  F-105,  which  indicates  that  tho 
project  id  frontal  ai-ea  of  the  3ido  windshields 

O 

nr,d  of  tho  main  :anopy  each  approach  1  f t‘ . 

Flight  test  data  indicate  that  charging  rates  of 
iO  to  30  pA/ft  *  are  notmai  In  ico-crystni  clouds 
(3).  Thus,  if  oven  only  10  percent  of  tno  pro¬ 
jected  frontal  area  of  tho  canopy  la  offoctlve  !r 
Intercepting  pi eclpltatlon  particles,  curionta 
cf  2  uA  can  be  generated. 

Many  other  potential  sou.ces  of  procipl! stlon 
static  interference  ware  located.  For  oxtiuplc, 
corona  dlai  herpes  from  Use  *lng  s«*>l  tail  airfoil 
ext  reuse  ties  will  cause  se»J--i-s  Interference. 

C  iron a  noise  from  those  coerces  can.  ol  LUU1  ,  “  f 
be  reduced  to  s-reptable  lovols  t!  neigh  tho 


installation  of  passive  dischargers  on  the  Rir- 
foil  extremities. 

It  ta  understood  that  tho  operational  F-105 
and  other  aircraft  incorporating  LORAN-D  install¬ 
ations  will  bo  equipped  with  a  pltot-statlc  tube 
protruding  forward  from  the  radome.  Experience 
on  tho  SAAB  Druken  aircraft  indicates  that  a 
pitot-static  tube  in  this  location  reaches  corona 
discharge  threshold  at  very  low  airplane  poten¬ 
tial.  Noise  coupling  to  this  point  is  high 
(probably  higher  than  tho  coupling  to  the  radome 
rim  in  Figure  6  would  indicate — the  ground  tost 
aircraft  used  a  wing-tip-mounted  pitot  tube 
instead  of  a  radomo-moented  unit,  so  that  direct 
measurements  could  not  be  made)  so  that  corona 
discharges  from  tho  pitot-static  tube  will 
generate  severe  lnt  jrforonce.  A  further  difficul¬ 
ty  with  pitot  tube  corona  is  that  if  the  coi-ona 
threshold  is  indeed  low,  devising  an  accepts ble 
fix  is  difficult  since  generally  no  modification 
of  the  pitot  tube  is  permitted. 

The  ground  tests  demonstrate  that  streamer 
discharges  occurring  on  the  radome  and  on  the 
plastic  portion  of  the  vontral  fin  can  cause 
interference  in  the  LORAN-D  system.  Surface 
resistance  measurements  on  these  surfaces  on  the 
ground  test  aircraft  indicated  that  either  a 
nonconducting  rain  erosion  coating  had  been 
applied  to  them  or  that  the  conducting  coating 
had  deteriorated  sufficiently  that  it  was  no 
longer  serviceable  (i.o,,  tho  surfaco  realstaice 
was  oo  high  that  streamers  could  occur  under 
typical  precipitation  charging  conditions).  On 
the  LOHAN-D  equipped  aircraft  therefore,  it  will 
bo  necessary  to  make  certain  that  the  coating 
on  the  vontral  fin  is  actually  conducting 
(resistivity  of  the  order  of  1  to  10  megohms 
per  square). 

In  conclusion,  it  may  be  stated  that, 
concurrent  with  LORAN-D  system  installation, 
anti-precipitation  static  techniques  must  be 
applied  to  the  aircraft  in  question.  In  view 
of  the  subtlety  of  some  noise  generation  and 
coupling  mechanlsmo,  tho  system  flight  test 
after  Installation  should  include  flight  through 
ice  ciystal  clouds  to  ascertain  that  all  of 
tho  noise  sources  have  indeed  been  identified 
and  adequately  troated. 
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ILS/VOR  Navigation  and  Approach  Errors  From 
Precipitation  Static  Interference 

Parc  I  -  Basic  Concepts 

J.  D.  Robb 

Lightning  &  Transients  Research  Institute 
ABSTRACT 

Reports  of  precipitation  static  effects  on 
VHF  navigation  receivers  have  resulted  in  some 
laboratory  and  in-flight  investigations  of  the 
phenomena.  The  following  mechanism  is  suggested 
for  explaining  the  effects  the  differences  in 
the  audio  transient  responses  of  the  FM  and  AM 
channels  in  the  VHF  omni  range  audio  navigation 
signal  circuitry  result  in  random  but  coherent 
output  pulse  pairs  which  are  detected  by  the 
phase  comparator  circuitry  as  a  true  VOR  station. 
The  existence  of  the  phenomena  has  been  demon¬ 
strated  and  what  is  now  required  is  data  on  the 
frequency  of  occurrence  and  types  of  equipment 
affected. 

PRECIPITATION  STATIC  EFFECTS  on  VHF  receivers 
were  found  to  be  very  infrequent  in  the  joint 
Army-Navy  precipitation  static  research  pro¬ 
gram,  with  which  LTRI  was  associated  in  supply¬ 
ing  special  instrumentation  and  high  voltage 
equipment  (1)*,  as  the  effects  lasted  for  only 
a  matter  of  minutes  and  generally  only  under 
very  severe  snow  charging  or  more  often  under 
thunderstorm  electrical  crossfield  conditions 
(the  presence  of  the  aircraft  in  thunderstorm 
electrification  regions).  Because  of  the  in¬ 
frequent  occurrence  and  short  duration  it  was 
not  considered  to  be  a  serious  problem,  parti¬ 
cularly  because  of  the  relatively  sparce  air 
traffic  in  1946  when  the  researches  were 
carried  out.  Although  much  excellent  work  has 
since  beer,  done  on  precipitation  static  effects, 
particularly  in  the  series  of  reports  from 
Stanford  Research  Institute,  such  as  (2),  appar¬ 
ently  little  consideration  has  been  given  to 
precipitation  static  effects  on  VHF  navigation 
receivers  based  apparently  on  the  lack  of  reports 
of  problems  from  the  airline  industry. 

A  number  of  reports  received  by  LTRI 
several  years  ago  again  raised  the  question  as 
to  possible  effects  of  precipitation  static 
radio  interference  on  VHF  navigation  systems. 

Upon  Inquiry,  reports  of  temporary  navigation 
receiver  errors  apparently  attributable  to 
precipitation  static  effects  were  received  as 
illustrated  in  attached  Appendix  A.  Laboratory 
teats  made  on  general  aviation  VHF  navigation 
receivers  indicated  that  under  some  atmospheric 
electrical  conditions,  an  erroneous  semi-stable 
bearing  indication  could  be  observed  on  the 
Course  Deviation  Indicator  (CDI)  which  gave  no 
evidence  that  it  was  erroneous.  It  could  be 
tracked  and  no  error  flag  was  evident.  Some 
variation  in  the  VOR  error  was  noted  but  the 


variations  were  sufficiently  slow  that  they 
could  not  necessarily  be  observed  by  s  pilot 
under  instrument  conditions. 

It  was  suggested  that  some  new  investiga¬ 
tions  of  VHF  precipitation  static  should  prob¬ 
ably  be  carried  out  in  view  of  continuing  ap¬ 
proach  accidents  which,  although  attributable 
to  many  other  causea,  should  be  coneidered  in 
view  of  the  demonstrated  laboratory  effects. 

The  FAA  reported  that  no  evidence  other  than 
reports  from  LTRI  could  be  found  regarding  such 
effects.  Continued  reports  to  LTRI  still  Indi¬ 
cated  a  problem  and  discussions  with  Dayton 
Aircraft  Products  (DAP)  of  Fort  Lauderdale, 
Florida  resulted  In  DAP  company  funding  a  pro¬ 
gram.  Their  company  aircraft  was  instrumented 
with  electric  field  meters,  and  recording 
microameters  connected  to  several  of  the  wick 
dischargers.  It  also  included  a  DC  power 
supply  of  50,000  volts  maximum,  capable  of 
charging  the  aircraft  through  a  discharge  probe 
consisting  of  a  wick  discharger  in  an  Insulated 
bushing.  This  is  a  standard  research  technique 
for  simulating  precipitation  static  self  charge 
effects.  With  this  installation  it  was  found 
that  the  VOR  localizer  signals  could  be  affect¬ 
ed  with  definite  course  offsets  which  could  be 
flown  as  if  they  were  a  true  course  but  show¬ 
ing  no  error  flag.  The  errors  were  not  repeat- 
able  on  different  flights  indicating  that  the 
mechanisms  were  not  entirely  understood. 

It  had  been  originally  assumed  that  the 
effects  would  be  present  only  under  severe 
conditions  of  intense  corona.  But  in-flight 
measurements  on  the  DAP  aircraft  indicated 
that  effects  could  be  present  with  lower 
currents  directly  off  the  antenna,  all  of  which 
will  be  discussed  in  Part  II  by  Mr.  Robert 
Truax.  The  system  was  shown  to  military  R&D 
personnel  and  discussed  with  FAA  personnel  and 
was  followed  by  the  issuance  of  an  FAA  engineer¬ 
ing  report.  (3) 

Our  present  interest  is  to  establish  the 
extent  of  the  problem  and  the  type  of  equip¬ 
ment  affected.  The  purpose  of  this  report  is 
to  alert  the  aircraft  industry  as  to  a  poten¬ 
tial  problem  for  consideration  in  the  design 
of  their  own  aircraft  and  radio  navigation 
equipment. 

VOR  SYSTEM  OPERATION 

In  the  VOR  (VHF  omni  range)  navigation 
system,  two  types  of  audio  modulation  signals 
are  superimposed  on  the  VHF  carrier;  an  FM 
signal  which  is  constant  in  all  directions  from 
the  station  and  an  AM  signal  whose  phase  with 
respect  to  the  FM  signal  is  varied  with 
direction.  Phase  resolvers  in  the  VOR  receiver 
audio  converter  circuitry  determine  the  phase 
difference  between  the  two  signals  and  thus 

*Numbers  In  parentheses  designate  References 
at  end  of  paper- 
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Slock  diagram  VOR  system  operation. 


determine  the  bearing  of  the  aircraft  from  the 
ground  base  transmitter  as  illustrated  in 
Figure  1. 

PRECIPITATION  STATIC  WAVEFORMS 

Nearly  ell  papers  published  on  tns  subject 
of  precipitation  static  interference  are  pre¬ 
sented  in  terms  of  a  regular  pulse  train  of 
Trichel  negative  corona  pulses.  Th^  audio 
character  of  the  signals,  however,  varfsr 
widely  under  actual  precipitation  static  condi¬ 
tions.  The  descriptions  from  the  original 
"Army-Navy  Precipitation  Static  Project" 
publication  for  pilots  described  sounds  of 
(1)  frying  eggs,  (2)  violins,  (3)  seltzer 
bottles,  (4)  the  dumping  of  ashes, 
etc.  This  variability  in  natural  precipita¬ 
tion  static  interference  is  also  found  in 
the  variations  observed  in  the  laboratory 
generated  precipitation  static  and  points  up 
the  problem  of  attempting  t-o  reproduce  it  in 
the  laboratory.  Fhysical  parameters  which 
may  effect  the  characteristics  of  the  inter¬ 
ference  and  the  effects  on  VOR/ILS  receivers 
probably  include  as  a  minimum  electrode  shape, 
air  density,  humidity  and  air  velocity. 

LTRI  is  attempting  to  relate  the  corona 
discharge  phenomena  of  the  various  types  lo 
the  pulse  response  waveforms  in  the  aircraft 
receiver  and  to  the  audio  pulses  in  VOR  con¬ 
verter  circuitry.  The  negative  corona  burst 
consists  of  electron  avalanches  induced  under 
high  electric  field  conditions  from  electrodes 
such  as  an  aircraft  antenna  or  a  sharp  metal 
wingtip.  The  individual  pulse  waveshapes  may 
be  described  mathematical “s  a  double  exponen¬ 
tial  with  an  exponential  ii.nt  rising  in  less 
than  10  nanoseconds  and  an  exponential  tail 
decaying  in  approximately  100  nanosecond-,  as 
shown  in  Figure  2.  The  positive  corona  pulse, 
which  is  equally  probable  undr>-  thunderstorm 
conditions,  has  much  slower  rJs'  and  decay 
times  but  also  must  be  considered  in  any  study 
of  VOR  effects.  The  repetition  rates  will  vary 
through  a  complete  range  from  single  discrete 
audio  pulses  in  the  receiver  up  to  several 
megahertz.  The  Fourier  output  spectrum  of  the 
negative  pulses  shows  spectrum  content  up  into 
the  UHF  region  of  one-half  gigahertz  as  shown 
in  Figure  3.  Corona  waveshape  variation  with 
electrode  shape  and  witn  altitude  is  shown  in 
the  oscillograms  of  Figure  4,  (4)  Effects  on 

Automatic  Direction  Finders  (ADF's)  are  shown 
in  Figure  5.  (5) 

This  interference  is  capable  of  reproducing 
nearly  any  known  type  of  phase,  amplitude  or 
pulse  modulation  response  in  aircraft  naviga¬ 
tion,  conuiuni -ation  and  digital  data  systems 
and  ir  inHi q,_  nguiahable  except  fer  lack  ot 
Intelligence  'rom  true  modulates  signals. 

The  individuti  pulse  discharges  may  not  appear 
to  be  similar  to  the  various  navigation  signals 
transmitted  su-h  as  VOR  transmissions  but  the 
receiver  response  can  be. 
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Time  -  nanoseconds 

Figure  2.  Waveshape  of  individual  corona 
pulse  -  negative  polarity. 
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Figure  3.  Fourier  spectrum  of  corona  pulse. 


74 


.  i;  WWW 


ERROR  HECHANISMS 


The  brief  studies  to  date  indicate  an  error 
mechanism  which  is  as  follows:  Under  either 
strong  external  thunderstorm  cross  fields 
(exogenous  conditions)  or  intense  snow  charging, 
with  aircraft  self  potentials,  (autogenous 
charging) ,  the  resultant  electric  field  pro¬ 
duces  corona  discharge  avalanches  off  the 
antennas.  These  result  in  audio  pulses  out  of 
the  receiver  which,  after  passing  through  the 
VOR  converter,  are  shaped  differently  according 
to  the  audio  transient  response  of  the  FM  and 
AM  channel  circuitry.  Thus,  repetitive  audio 
pulses  into  the  VOR  converter  from  a  receiver 
will  result  in  a  fixed  phase  difference  indica¬ 
tion  on  the  Course  Deviation  Indicator  (CDI) 
on  the  Instrument  panei  determined  purely  by  the 
relative  difference  in  transient  response  of  the 
FM  and  AM  channels.  As  the  error  flag  circuitry 
is  essentially  also  a  phase  comparator  circuit 
(and  in  some  cases  detects  only  one  channel) , 
it  will  also  indicate  an  apparently  valid  sig¬ 
nal  from  the  pulse  waveform  signals  received 
and  therefore  show  no  error  fleg. 

In  flight,  the  resultant  signal  is  a  mix¬ 
ture  of  the  interference  signal  and  the  station 
being  received.  The  sum  of  the  two  input  signals 
will  vary  with  the  aircraft  bearing  as  a  result 
of  che  part  of  the  signal  from  the  ground  station 
which  does  vary  with  bearing,  thus  producing  £ 
trackable  Indication.  False  station  passages 
are  also  Indicated  by  erroneous  "To-From"  rever¬ 
sals.  The  receiver  response  is  illustrated  in 
Figure  6  and  shows  how  the  corona  pulses  are 
stretched  out  in  the  high  Q  IF  stages  to  near 
millisecond  duration  from  their  original  sub- 
microsecond  lengths.  The  millisecond  audio 
input  pulses  to  the  VOR  converter  result  in 
pulse  pairs  from  the  converter  which  though 
random  in  spacing  are  coherent  in  time  and  phase 
and  thus  produce  an  omni  bearing  indication. 

EFFECTS  OF  MODERN  NARROW  BAND  CIRCUITRY 

It  has  been  suggested  that  because  of  the 
almost  continuously  varying  repetition  rate 
from  corona  interference  under  either  thunder¬ 
storm  or  friction  charging  conditions  that 
narrow  band  audio  filters  used  in  the  more 
modern  VOR  converter  circuitry  would  not  be 
susceptible  to  this  type  of  interference.  Pre¬ 
liminary  tests  in  the  laboratory  have  indicated 
the  opposite  and  this  cay  be  understood  in 
terms  of  corona  pulse  interference  on  basic 
receiver  circuitry  of  any  type.  Tor  example, 
major  systems  have  been  designed  with  extremely 
narrow  IF  band  widths  in  order  to  reduce  preci¬ 
pitation  static  interference  but  tests  have 
Indicated  that  they  are  much  worse  than  stan¬ 
dard  receivers.  Tills  may  be  understood  in 
terms  of  the  non-linear  circuit  effeccs.  If 
the  receivers  were  truly  linear,  then  the 
reduction  of  band  width  would  improve  receiver 
response  in  the  presence  of  corona  interference. 


What  actually  occurs,  however,  is  that  the 
corona  pulses  produce  crest  pulse  voltages  of 
the  order  of  one  volt  in  receiver  circuitry 
tuned  to  microvolts  and  shock  excite  the 
various  tuned  stages  of  the  receiver  into 
saturation.  As  a  result  the  receiver  responds 
with  Impulse  responses  corresponding  to  the 
corona  pulses. 

CONCLUSIONS 

Laboratory  and  in-tlight  investigations  of 
precipitation  static  effects  on  VOR  receivers 
have  indicated  that  stable  error  signals  can  be 
Introduced  which  can  result  in  serious  course 
errors  during  instrument  approaches.  The 
intensity  of  the  effect  does  not  depend  upon 
the  quality  of  the  receiver  but  rather  upon  the 
chance  selection  of  the  VOR  converter  circuitry 
components  which  determine  their  relative 
transient  response.  Further  studies  are 
definitely  needed  for  determining  what  types  of 
equipment  are  affected  and  with  what  frequency 
of  occurrence.  Suggested  preliminary  approaches 
preventing  this  phenomenon  or  alerting  the  pilot 
are  presented  in  the  companion  paper  Part  IX. 


REFERENCES 

1.  R.  Gunn  et  al.,  "Army-Navy  Precipita¬ 
tion  Static  Project,"  Proc.  IRE  Vol.  34,  Nos. 

4  and  5  (1946). 

2.  J.  E.  Nanevicz,  E.  F.  Vance,  R.  L. 
Tanner,  G.  R.  Hilbers,  "Development  and  Testing 
of  Techniques  for  Precipitation  Static  Inter¬ 
ference  Reduction,"  Final  Report,  USAF  Contract 
AF33(616)-6561,  January  1962. 

3.  D.  S.  Salmond,  "Report  of  Effects  of 
Precipitation  Static  on  Airborne  Navigation 
Systems,"  FAA  Report  No.  FS-130-3,  15  October 
1971. 

4.  M.  M.  Newman  and  J,  D.  Robb,  "Aircraft 
Corona  Variation  With  Altitude,"  Proceedings  of 
the  National  Electronic  Conference,  Vol.  8, 
January  1953. 

5.  M.  M.  Newman  and  J.  D.  Robb,  "Automatic 
Radio  Compass  Operation  in  the  Presence  of 
Interference,"  Appdneix  I„  L5T  Report  C317, 

3rd  Interim  Report,  USAF  Contract  AF  33(616)- 
2459,  December  1954, 


77 


300p.Sec 


. . .  * . .  ■  . . . 


ILS/VOB  Navigation  and  Approaoh  Errors- 
Part  2  Experimental  investigations 


Hobart  L.  Truax 
Tha  Truax  Company 

ABSTRACT 

Localizer  and  VOB  oouraa  errors, 
without:  appaaranes  of  a  warning  flag, 
dua  to  corona  dlacharga  Intarfaranoa 
have  boon  demonstrated  In  both  the  lab¬ 
oratory  and  In  flight.  Gllda  elope 
errore  dua  to  oorona  interference  have 
not  been  Investigated.  However,  the 
slalllarlty  between  glide  slope  and 
Localizer  signal  processing  gives  cause 
to  suspeot  that  glide  slope  errors  due 
to  oorona  Interference  are  possible. 

The  Looalizer  and  VOB  course  errors 
were  aost  stable  and  jrepeatabls  under 
conditions  of  strong  desired  signal  re¬ 
ception  and  relatively  weak  corona 
ourrent  conditions.  3table  in-flight 
VOR  course  errors  ranging  from  a  few 
degrees  to  errors  of  up  to  30  degrees 
have  been  observed  and  demonstrated. 
False  To«Froa  Indications  have  been 
demonstrated  in  the  laboratory.  One 
Looalizer  Approaoh.  with  the  aircraft 
artificially  charge:,  was  aade  by  an 
Air  Poroe  pilot,  and.  witnessed  by  an 
Air  Foroe  Aeronautical  System*  Division 
engineer,  whloh  parallelled  the  actual 
approaoh  course  at  a  distance  estimated 
to  be  eight  to  twelve  alles— with  the 
course  neodle  centered  and  no  evidence 
of  a  warning  flag  nor  interference. 
In-flight  data  was  obtained  by  using 
conventional,  accepted  artificial  char¬ 
ging  techniques.  The  errors  were  de¬ 
monstrated  using  several  general  avia¬ 
tion  navigation  system  types  and  the 
military  AN/AHN-58. 

VHP  NAVIGATION  COURSE  ERRORS  have 
been  reported  from  tiae-to-time  by  var¬ 
ious  pilots*  Some  of  these  reports 
have  oome  to  the  attention  of  LTRI  and 
myself.  Official  recognition  has  been 
given  to  at  least  three  causes  of  suoh 
errors.  These  recognised  causes  ares 
1.  aircraft  flying  over  the  ground 
Localizer  antenna  (1)*;  2.  temporary 
struotural.  or  slmiliar,  interference 
in  the  near-field  of  VHP  ground  station 
antennas  (2),  and?  3.  VHP  multipath 
propagation  (3), 

These  expl/watlons,  however,  did 
not  seen  to  fit  all  reported  instances. 
Including  observations  of  ay  own  during 
actual  instrument  flight  conditions 
sinoe  the  early  2950's. 

Unfortunately  course  errors  under 
aotufcl  Instrument  flight  conditions  are 
difficult  to  identify  and  exact  oondl- 
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tlons  extremely  difficult,  if  not  im¬ 
possible,  to  duplicate.  But  the  emer¬ 
gence  of  a  wide  area  radar  coverage  in 
the  Air  Traffio  Control  (ATC)  system 
does  reveal  that  course  "deviations" 
in  flight  are  not  uncommon. 

Professional  pilots  can  recount 
times  they've  been  told,  "Radar  shows 
yon  to  be  'x'  miles  off  the  airway 
centerline."  Yet,  both  VOR's  agree 
that  the  aircraft  is  on  the  airway. 
And,  the  professional e  comply  %ith  FAB 
91.25,  whloh  requires  a  VOR  aocuraey 
cheek  and  record  every  10  flight  hours 
and  10  days.  But,  when  the  pilot 
oheoks  his  equipment  again  at  flight 
termination,  "It's  still  within  lim¬ 
its." 

"What  do  you  report?  Who  do  you 
report  it  to?" 

Some  reports  and  observations  in¬ 
dicated  that  oonourrent  "P-Statlo"  was 
evident. 

VHP  is  not  immune  to  P-Statlo 
interference! 

Early  reports,  and  subsequent 
work,  states  that  VHP  interference  due 
to  P-Statio  x?  less  frequent  than  at 
lower  frequencies  (k) .  An  analysis  of 
the  corona  pulse  waveforms  indicates 
that  the  interference  energy  is  down 
about  40  db  at  VHP  navigation  frequen¬ 
cies.  But  to  receivers  sensitive  to 
signals  of  as  little  as  G.i  microvolt*; 
at  higher  eleotrostatlo  charging  ratee 
the  interference  can  dl erupt  recep¬ 
tion.  Arcing,  or  bonding,  noise 
pulses  have  speotrume  essentially  flat 
in  energy  to  100  mHz. 

DC-8  aircraft  did  indeed  exper¬ 
ience  VHP  P-Statio  interference  in 
their  early  utilization  (5). 

LITERATURE  RESEARCH  showed  that 
past  investigations,  and  instrumenta¬ 
tion,  has  been  largely  iimitad  to  re¬ 
duction  of  electrostatic  noiss  and  the 
shook  excitation  of  affected  receiver 
front  ends.  With  the  exception  of  an 
ADP  investigation  by  LTRI  (6),  past 
investigations  havo  teemed  to  be  con¬ 
cerned  principally  with  voice  or  other 
aural  oommuni cations.  No  information 
seems  to  be  available  on  the  effect?; 
of  electrostatio  interference  on 

*  Numbers  in  parentheses  designate 
References  at  the  end  of  Paper. 
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modern  data  signaling  teohniques.  Yet 
the  trend  In  aircraft  communication  *ud 
and  navigation  ha*  already  largely  re¬ 
moved  the  operator  and  pilot  from  the 
aural  aonitorlng  loop.  This  i«  art- 
danced  by  such  oonaon  systems  as  Onega, 
LORAN,  AD?,  HF  teletype,  VOH,  ILF, 
TACAN,  CMS  and  Transponders.  And,  re¬ 
cently  there  is  auoh  talk  of  future 
systems  where  ATC  ooaaunlcation  will  be 
▼la  data  link,  instead  of  Tolce. 

Further,  flight  teat  in  instru¬ 
mented  aircraft  in  two  indlpendant 
programs  showed  that  electrostatic 
events  were  much  more  common  during 
actual  instrument  flight  conditions 
than  previously  indicated  (7)  (8). 

This  is  probably  due  to  the  faots  thati 
1.  aost  recent  research  has  been 
accomplished  on  jet  aircraft  which 
routinely  operate  above  the  weather, 
and;  2.  civil  and  military  operational 
aircraft  are  not  instrumented  to  iden¬ 
tify  or  reoerd  electrostatic  events. 

These  footer*  lsd  tv  laboratory, 
then  flight,  investigations  of  the 
poseibility  of  eleotroatatio  interfer¬ 
ence  to  VOS  and  Looallzer  signals.  The 
flight  investigation  was  possible  only 
because  at  that  time  Dayton  Airoraft 
Froduots,  Ino.  had  an  airoraft  equipped 
with  an  artificial  charging  system  and 
field  mills  that  was  being  used  to 
evaluate  a  now  type  of  diaoharger. 

THE  RESULTS  OF  THE  LABORATORY 
RESEARCH  wars  briefly  reported  at  the 
1970  ^Llghtnlnjj  and  Statlo  Eleotrloity 
Confe ranee."  But  the  work  waa  accom¬ 
plished  too  late  to  be  incorporated  in 
the  written  paper. 

The  laboratory  teat  configuration 
la  shown  in  bio ok  diagram  in  Figure  1 
of  this  paper. 

Table  1  summarizes  the  data  taken 
during  the  laboratory  testa. 

These  tests  were  necessarily  lim¬ 
ited,  el  no*  the  VOB/LCC  Navigr.tlon 
System  and  the  Boonton  H-14  Signal  Gen¬ 
erator  were  on  loan.  This  also  prohib¬ 
ited  instrumenting  the  VOR/LOC  system 

Table  1 -Laboratory  data  summary 


to  observe  the  mechanisms  cf  the  error 
generation. 

However,  the  limited  investiga¬ 
tion  proved  that  repeatable,  stable 
source  errors  could  be  created  by 
corona  discharge  interference.  The 
VOH  ciarse  needle  could  bs  centered 
during  such  interference  by  rotating 
the  Omni  Bearing  3elootor  (OBS) .  It 
was  also  found  shat  a  Te-From  Indioat- 
®r  reversal,  or  false  station  paosage, 
could  he  caused.  The  nagnitude  of  the 
04US.J*  errors  could  be  varied  by 
changing  the  corona  ourrant „ 

In  the  Localizer  mode,  varying 
the  corona  current  made  it  possible  tc 
move  fcha  indicator  needle  to  the  right 
or  left.  Or.  to  center  the  nsctVH 
wiih  art  off-courae  signal  froa  «he 
Signal  Generator. 

In  general  it  was  noted  that  the 
errors  ware  most  stable,  end  a  warning 
flag  least  likely,  when  a  comparative¬ 
ly  strong  desired  signal  was  present 
and  a  relatively  weak  oorena  current 
was  ueet.'.»  Lower  lovel  desired  signals 
and  higher  level  corona  currents  re¬ 
sulted  1:  erratic  course  indications 
and  arratia  or  peeitlve  warning  flag 
opstaviosu 

uboratery  teats  were  later 
duplicate*,  is  the  Loosliser  mede, 
with  tnt*  WARs!~58  at  Wrlght-Fattersea 
AFB*  „hass  latter  test*  were  witnessed 
and  conducted  by  several  Air  Force  per¬ 
sonnel  at  that  time, 

THE  AIRBORNE  COURSE  ERROR  .INVEST¬ 
IGATION  waa  principal  Sr  conducted  in  a 
Cessna  320  airoraft.  This  aircraft  wr.r 
equipped  with  a  G  to  50  XV  artificial 
oharglng  system  and  field  mills.  The 
aircraft  also  had  dischargers  and  in- 
aulattd  antennas  installed.  Electro¬ 
static  voltage e  as  high  as  500  KV  in 
oross  field  conditions  and  about  100  XV 
in  cno'J  had  previously  been  measured  on 
the  airoraft. 

The  first  attempts  to  introduce 
VOR/LOC  errors  were  made  with  the  dis¬ 
chargers  and  lniiulated  antennas  in- 
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GROUND  PLANE 


Fig.  1  LABORATORY  TEST  CONFIGURATION 


•tailed.  They  were  unsuccessful,  at  Using  the  wire  rod  antenna  and  re- 

least  with  the  50  XV  artificial  ohart-  moving  the  dischargers,  flight  teat* 
lng  Imitation.  showed  that  repeatable  VOR  course 

The  dischargers  were  then  removed.  errors,  without  warning  flag?,  of  up  to 

Occasional,  course  noodle  movements  30  degrees  could  bo  aohelvsd.  Evidence 

oould  be  collated  with  switching  the  of  those  course  errors  were  deaonstrat- 

artifloial  charging  ejoteia  on  and  off  ed  In  flight  to  Air  Force  engineers, 

at  50  XV.  But  ths  srrers  w^ru  very  On  one  occasion  12  VOR  approaches 

email,  if  any,  and  the  data  not  repeat-  w«ie  flowr.  to  tha  Palm  Beach  Inter- 

able.  national  airport.  The  first  3  were  for 

A  oonmoroially  available  wire  rod  calibration  with  the  artificial  charg- 

antenna  was  obtained*  la  still  air  at  lng  system  off.  All  three  were  to 

eaa  level  and  standard  atmospheric  con-  Minimum  Descant  Altitude  (MDA)  and 
ditlons  the  corona  threshold  of  this  brought  the  aircraft  ever  tha  runway, 

**jtanna  was  measured  at  18  XV.  The  within  the  runway  width.  The  final 

t»at*9»n*  was  Installed  in  n  convention*!  approach  was  made  under  the  same  -ionO  i- 

for  small  alrorafl,  ander  tns  tlons,  with  idsntlcal  results* 
tedl,  j«et  forward  of  the  plastic  tall  Ths  other  8  approaches  were  flowr. 

cons-.  with  ths  artificial  oharging  system  ret 

With  the  dischargers  removed,  cor-  at  35  to  4o  KV  and  Indicating  about  20 

ora  currents  up  to  20  microampere*  at  Blorc^apereif  of  current.  These  appro- 

50  £V  were  measured  in  flight.  With  ao he*  all  tosh  ths  aircraft  directly 

discharger*  Installed  no  current  from  over  the  VOR  ground  station,  but  wsra 

the  antenna  w«o  obtained  within  the  50  terminated  at  the  KPA  catslde  the*^Ir- 
KV  power  supply  limitations,  Later  port 'Tomvirl s s .T'~ f ho  'final  approaoh'  ' 

tests  showed  no  evidsaoe  of  V0R/L0C  path  appeared' ' to  be  identical  in  each 

errors  with  dSeoliar^erx  installed  -md  instance. 

this  potential  limitation*  Unfortun-  Figure  2  Indioctes  ths  aircrafts 

atsly  antenna  corona  ;«  oould  not  flight  path  during  the  approaches  when 

be  measured  with  $he  antenna  connected  course  errors  ware  experienced.  Ifote 

to  the  receiver*  on  the  approaoh  plate  comprising  Fig- 
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ur«  2  that  the  VOH  is  situated  only 
2.8  nautical  miles  fros  the  runway 
threshold. 

A  very  brief  flight  teat  wee  con¬ 
ducted  under  siaili&r  sirouastances 
with  the  VOS  30  Hs  ?s?l*ble  phase 
channel  monitored  or  an  c&oliiosoops, 

A  definite  gh==s  shift  eoul3  be  ebwer- 
■rsd.  st  sths?  tigs*  ths  signal 
appeared  to  have  *  second  haraoBio 
type  distortion.  Unfortunately  the 
oscilloscope  won?  not  equipped  to 
obtain  photographic  records. 

The  aircraft*#  approximate  flight 
path  during  the  aoet  dramatic  Local¬ 
izer  ocuree  or  or  )s  portrayed  in 
Pigure  3. 

This  flight  was  especially  In¬ 
triguing  because  of  the  circumstances 
under  which  It  occurred.  Major 
Johnson,  Wrlght-Fatteraon  AFB  Plight 
Safety  officer  was  flying  the  aircraft 
and  I  occupied  the  copilot  esat,  John 
Hobb,  LTBI  end  Chtarlov  Seth,  R.1VCC, 

Air  Force  occupied  the  cabin  with  the 
artificial  charging  system. 

We  had  departed  the  Dayton  VOR, 
cleared  for  an  XLS  approach  to  the 
Dayton  Municipal  Airport.  The  approach 
was  intended  to  be  a  calibration  appro¬ 
ach  to  demonstrate  that  the  airborne 
and  ground  equipment  were  operating 
properly. 

Unbeknownst  to  the  flight  orew  the 
artificial  charging  system  was  turned 
on  by  Robb  to  demonstrate  its  oper&tioa 

The  course  needle  centered  and 
Major  Johnson  turned  to  his  final 
approach  heading  and  descended  to  the 
initial  approach  altitude.  Further 
descent  was  not  made  since  the  outer 
marker  was  never  received.  After  the 
time  to  reach  tna  field  had  elapsed. 
Approach  Control  called  and  aclred  our 
intentions,  advising  us,  "Radar  shows 
you  to  be  12  miles  northeast  of  Dayton 
Airport," 

Visibility  was  about  5  miles  in 
haze.  We'd  flown  past  the  airport  on 
the  apparent  ILS  centerline,  without 
oven  seeing  the  runway!  We  later  esti¬ 
mate.'  that  we  *d  parallelled  the  actual 
XLS  course  at  a  distance  laterally  of 
about  8  miles. 

THE  FAA  WAS  ADVISED  Immediately 
when  the  course  errors  were  demonstrat¬ 
ed  in  the  laboratory.  They  were  fur¬ 
ther  advised  of  the  results  of  the 
flight  tests. 

But  to  fora  further  demonstrations 
could  be  m&de  the  local  FAA  General 
Aviation  District  Office  (GADO)  advised 
that  the  aircraft  would  have  to  be 


licenced  in  the  Experimental  Category 
or  the  equipment  removed.  The  alter¬ 
native  was  a  very  expensive  time- 
consuming  Supplemental  Type  Certificate 
( STC ) .  Investigation  revealed  that  any 
latar  modification  or  change  would  re¬ 
quire  additional  STC  action.  The  GADO 
would  not  even  permit  the  dischargers 
to  be  installed  without  Experiments! 
or  STC  action.  This  effectively  ended 
the  research. 

Proposals  were  made  to  the  PAA  by 
LTRI  and  The  Truax  Company  to  extend 
the  knowledge  obtained  in  these  tests. 
The  FAA  declined  the  proposals  giving 
as  their  reasons  the  lack  of  reported 
errors  due  V-o  this  cause  (not  surpris¬ 
ing,  since  aircraft  are  not  equipped 
to  identify  electrostatic  oecurancea) 
and  the  Literature  3earch  attributed 
to  the  PAA  in  the  bibliography  at  the 
end  of  this  paper, 

RELATED  TO  THE  FREQUENCY  OF 
CHARGING  OCCUBANCES,  The  Truax  Com¬ 
pany  Beechoraft  Bonanza  was  Instru¬ 
mented  to  measure  corona  discharge 
from  a  wire  rod  VHP  communications 
antenna.  The  sensitivity  of  the  an¬ 
tenna  insulation  failure  deteotor  was 
set  at  150  mioroampere-aeoonda.  On 
one  55  minute  flight  in  typical  Flor¬ 
ida  cumulus  and  scattered  thunderstorm 
conditions  the  oorona  current  from  the 
VHP  antsruoa  exceeded  that  levol  9 
times.  Of  espoo'&l  interest,  4  of  the 
ooourancwB  were  inside  the  outer 
marker  on  an  ILS  approach  to  Port 
Lauderdale  International  Airport. 

Figure  4  picture s  a  slmillcr  antenna 
insulation  failure  detector. 

IN  CONCLUSION,  errors  to  VOR  and 
Localizer  equipments  can  result  from 
electrostatic  interference.  This  has 
bean  demonstrated  in  tha  laboratory 
and  in  flight. 

The  work  thus  begun  should  be  ex¬ 
tended  in  both  laboratory  and  flight 
conditions— including  known  conditions 
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of  natural  charging  events.  Ones  suff¬ 
icient  knowledge  is  obtained,  naviga¬ 
tion  systems  should  he  designed  that 
are  immune  to  such  interference  or  at 
least  warn  airorews  of  its  presence. 

Probably,  in  light  of  the  rssearoh 
reported  in  these  present  papers,  all 
airborne  data  type  communi cations  and 
navigation  systems  should  be  investi¬ 
gated  for  susoeptability  to  error*  un¬ 
der  electrostatio  interference  condi¬ 
tion*.  At  least  from  VLF  through  L~ 
band  frequencies,  where  suoh  interfer¬ 
ence  has  already  been  observed. 

Flight  test  work  in  an  appropri¬ 
ately  instrumented  aircraft  should  be 
continued.  This  will  require  a  mili¬ 
tary  aircraft  which  is  exempt  from  the 
Federal  Air  Regulations.  Or,  a  waiver 
from  the  FAA  of  FAR  $1.42  (a),  (2)  and 
(d),  (2)  for  a  oivll  aircraft,  sc  it 
can  be  flown  in  actual  instrument  con¬ 
ditions  and  far  compensation,  as  an 
Experimental  airoraft. 

Lastly,  standards  ore  long  over¬ 
due  for  qualification  of  disohargers 
for  use  on  1FR  airoraft.  Also,  for 
implementation  of  other  proven,  accep¬ 
ted  electrostatic  noise  reduction 
techniques,  suoh  as,  use  of  lneulated 
antennas  and  resistive  coatings  on 
plastic  frontal  surfaces  (9)  (10). 
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Conductive  Polymeric  Coatings  for  Combined 
Anti  Static  Properties  and  Erosion  Resistance 

George  F.  Schmitt,  Jr. 

Air  Force  Materials  Laboratory 

ABSTRACT 

The  complexities  involved  in  development 
of  conductive  coatings  having  subsonic  rain 
erosion  resistance,  good  dielectric  transmis¬ 
sion  properties,  and  ease  of  applicability  are 
described.  Carbon  black-pigmented  elasto¬ 
meric  polymeric  coatings  having  surface  re¬ 
sistivity  of  0.  5  to  1  5  megohms  per  square, 
dielectric  constant  of  3.5,  loss  tangent  of 
0.060,  and  one-way  power  transmission  of 
92.  8%  at  9.  375  GHz  at  room  temperature  for 
precipitation  static  discharge  and  static  elec¬ 
tricity  protection  have  been  developed. 

The  critical  effects  of  pigment  loading  and 
coating  formulation  on  the  conductive  surface 
characteristics  of  the  applied  coating  are 
discussed. 

DAMAGE  TO  reinforced  composite  materials 
because  of  precipitation  static  discharge  dur¬ 
ing  flight  has  long  been  a  problem  for  aircraft 
operations.  This  damage  is  in  the  form  of 
burn-through  spots  or  holes  on  honeycomb 
laminate  skins  which  may  be  serious  enough 
to  structurally  we;  ken  the  structure  or  pro¬ 
vide  a  path  for  moisture  to  get  into  the  core  of 
the  honeycomb.  The  presence  of  moisture  in 
the  core  disrupts  the  electrical  transmission 
properties  and  the  radar  does  not  per'orm  as 
designed. 

Another  problem  associated  with  nonmetal- 
uc  structures  is  that  of  static  charge  build-up 
during  flight  with  subsequent  discharge  when 
contacted  by  personnel  on  the  ground.  A 
serious  hazard  exists  in  this  area  as  is  well 
known.  In  addition  the  generation  of  broad¬ 
band  radio  frequem.  noiie  by  triboelectric 
contact  with  precipitation,  cross  fields,  and 
engine  produced  ionization  is  a  major  problem. 
Streamer  currents,  corona  discharge  and 
arcing  between  structural  members  are  pheno¬ 
mena  resulting  from  charging  during  flight  (1). 

Conductive  coatings  appl’ed  to  the  surface 
of  non-metallic  structures  piovide  a  means 
of  reducing  or  eliminating  the  precipitation 
static  and  static  electricity  problems.  How¬ 
ever,  any  exposed  reinforced  composite 
structure  absolutely  requires  rain  erosion 
protection.  Elastomeric  coatings  which  pro¬ 
vide  this  erosion  resistance  must  be  formu¬ 
lated  with  conductive  pigments  for  antistatic 


protection  while  maintaining  dielectric  trans¬ 
mission  and  substantial  erosion  resistance. 
Other  necessary  properties  are  good  weather- 
ability  including  retention  of  rain  erosion  re¬ 
sistance,  transmission  properties,  and  sur¬ 
face  resistivity  after  prolonged  outdoor  ex¬ 
posure  and  appropriate  application  techniques 
and  cure  properties.  Repair  of  the  coatings 
themselves  as  Wc  11  as  strippability,  if  the 
coating  must  be  removed,  are  also  required 
(2). 

The  incorporation  of  these  requirements 
and  coatings  developments  to  fulfill  them  are 
discussed  below. 

MATERIALS  DEVELOPMENTS 

DIELECTRIC  TRANSMISSION  AND  CON¬ 
DUCTIVITY  -  Approximately  fifteen  years 
age  when  the  first  antistatic  coatings  for  non- 
metallic  structures  were  developed,  coatings 
of  varying  levels  of  conductivity,  typically  ex¬ 
pressed  as  surface  resistivity  and  measured 
by  a  megohmeter,  were  formulated  with  dif¬ 
ferent  amounts  of  carbon  black  pigments  and 
these  were  flight  tested  in  service  (3).  Those 
with  a  surface  resistivity  of  0.5  to  15  meg¬ 
ohms  provided  the  appropriate  degree  of  anti¬ 
static  protection  for  the  radomes  and  this  was 
adopted  in  Specification  MIL-C-7439B, 

When  the  current  MIL-Spec  polyurethane 
erosion  resistant  coatings  were  being  devel¬ 
oped  ir.  1967-1968  it  was  determined  that  the 
same  values  of  surface  resistivity  would  still 
be  appropriate  to  pro1  ide  sufficient  protection 
against  static  charge  buildup.  To  obtain  a 
proper  level  of  surface  resistivity,  0.5-15 
megohms,  the  MIL-C-83231  Type  II  polyure¬ 
thane  coating,  were  pigmented  with  cufficient 
conductive  carbon  black  to  attain  this  resis¬ 
tivity.  Greater  or  lesser  amounts  resulted 
in  too  much  or  too  little  conduct’vity . 

The  effect  of  pigmentation  level  on  the 
conductivity  (surface  resistivity)  and  di¬ 
electric  transmission  properties  of  the  coat¬ 
ing  is  shown  in  Table  I  and  Figure  1.  The 
conductivity  (inverse  of  the  resistivity)  was 
achieved  with  a  pigment  loading  of  5-7% 

(based  on  vehicle  solids)  which  provided 
acceptable  transmission  properties  of 
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TABLE  I 

SURFACE  RESISTIVITY  AND  TRANSMISSION  AS  A 
FUNCTION  OF  PIGMENT  LOADING 

*  ^  sfoje  ### 

Panel  Percentage  of  Carbon  Surface  Conductivity  Dielectric 

No.  Black  Pigment _ ( Megohms'  M _  T  rani,  miss  ion  (%) 


A 

5 

0.04 

92.  3 

B 

6 

0.  167  -  0.  25 

93.0 

C 

7 

1  0 

- 

D 

10 

33.3 

91.9 

E 

7  (10  mils  thick) 

1.0 

88.0 

*  Carbon  black  is  Vulcan  XC-72R 

Panels  A  through  D  and  10  mils  of  clear  polyurethane  plus  2  mils  of 
pigmented  carbon  black  topcoat 
Panel  E  is  10  mils  of  7%  carbon  black  coating  only 

**  Reciprocal  of  surface  resistivity  measured  with  500  volt  DC  megohm  bridge. 

***  At  9.  375  GHz  and  room  temperature  as  a  percentage  of  transmission  through  a 
bare  control  panel. 


TABLE  II 

*  ELECTRICAL  CONDUCTIVITY  OF  FLUOROCARBON  FORMULA TI DNS 


Fluorocarbon  A 

Carbon  Black  A 
Magnesium  Oxide  A 

100 

25 

15 

Conductive 

Fluorocarbon  A 

Carbon  Black  B 
Magnesium  Ox;de  A 

100 

10 

5 

Non-Cond. 

100 

15 

5 

Non-Cond. 

AF-C-935 

100 

20 

5 

Conductive 

100 

20 

15 

Conductive 

Fluorocarbon  A 

Carbon  Black  B 
Magnesium  Oxide  B 

100 

20 

10 

Non-Cond. 

100 

25 

15 

Non-Cond. 

Fluorocarbon  A 

Carbon  Black  3 

Zinc  Oxide 

100 

10 

10 

Non-Cond. 

100 

20 

10 

Non-Cond. 

Fluorocarbon  A 

Carbon  Black  B 

100 

10 

100 

20 

Blisters 

Conductive 

Fluorocarbo- 
Carbon  Black  B 

100 

10 

Non-Cond. 

100 

20 

Erodes 

Conductive 

*  Measured  with  Megohmeter  -  Model  No.  50-1000  -  The  Winslow  Company,  and 
spring-  loaded  probes  spaced  6  inches  apart. 

Conductive  -  measurement  of  0.1-15  megohms/square 
Non-Conductive  -  measurement  of  infinite  resistivity. 
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otiductivity 


Acceptable  Conductivity  .Limit 


Minimum  Acceptable' Transmission 


Dielectric  Transcnission  (%)  at  9.  275  GHZ,  Room  Temperatu 


t 

h 


il 

5 1 


92.3  -  92%.  With  proper  dispersion  tech¬ 
niques,  5%  by  weight  loading  of  carbon  black, 
gave  acceptable  resistivity;  this  was  incorpo¬ 
rated  into  a  topcoat  of  the  polyurethane  base 
resin.  This  topcoat  is  applied  in  a  2  mil  thick¬ 
ness  over  10  mils  base  coating  which  contains 
1/8%  carbon  black  for  coloration  only.  This 
approach  maximized  the  erosion  resistance  of 
the  antistatic  coating  system  since  the  use  of 
5%  black  polyurethane  for  the  full  12  mil  thick¬ 
ness  would  result  in  less  erosion  resistance 
(because  the  presence  of  a  high  loading  of  pig¬ 
ment  or  filler  invariably  reduces  the  erosion 
resistance)  and  would  reduce  the  transmission 
properties  (because  of  the  amount  of  con¬ 
ductive  carbon  in  a  12  mil  thick  coating)  to  an 
unacceptable  level  (6),  For  example  formu¬ 
lation  C  in  Table  I  when  applied  at  10  mils 
total  thickness  gave  only  88.0%  transmission 
at  9.375  GHz,  room  temperature.  This  is  an 
unacceptable  degradation  in  the  radar  trans¬ 
mission  properties. 

On'y  Vulcan  XC-72R  conductive  carbon 
black  from  Cabot  Corporation  provided  a  con¬ 
ductive  coating  at  5%  weight  loading. 

As  can  be  seen  in  Figure  1  only  a  narrow 
range  of  pigmentation  levels  existed  which 
would  provide  anti- static  conductivity  levels 
and  still  maintain  acceptable  dielectric  trans¬ 
mission  properties. 

A  similar  approach  was  employed  in  devel¬ 
oping  the  high  temperature  fluorocarbon  ero¬ 
sion  resistant  coating  (AF-C-934)  and  anti¬ 
static  topcoat  (AF-C-935)  (2),,  which  has  a 
resistivity  of  0.  5-15  megohms.  The  fluoro¬ 
carbon  coaKngs  contain  minimum  levels  of 
carbon  black  and  magnesium  oxide  (which 
serves  as  a  stabilizer  for  the  curing  reactions) 
fillers  to  maximize  erosion  performance. 

With  the  fluorocarbon  system  a  loading  of  20% 
weight  carbon  black  based  on  vehicle  solids 
was  necessary.  The  influence  and  interaction 
of  conductive  pigment  and  fillers  on  the  coat¬ 
ings  surface  electrical  properties  is  illustra¬ 
ted  in  TaHe  II.  Note  in  the  first  column  that 
the  formulation  is  not  conductive  with  10% 
carbon  black  regord'-ess  of  other  type  of  filler 
(magnesium  oxide  or  zinc  oxide).  In  the 
second  row  across,  the  carbon  black  loading 
must  be  increased  to  20%  to  provide  a  con¬ 
ductive  coating  but  that  once  this  level  of  pig¬ 
mentation  is  utilized,  the  stabilizing  fiiler 
can  be  increased  to  15%  and  the  coating  re¬ 
mains  conductive.  However,  if  a  magnesium 
oxide  which  maskc  the  effect  of  the  carbon 
black  is  used  (See  third  row  of  Table  II),  even 
increasing  the  carbon  black  to  25%  does  not 
result  in  a  conductive  coating.  The  substi¬ 
tution  of  zinc  oxide  for  magnesium  oxide  as  a 


stabilizer  for  the  curing  reactions  reduces 
the  conduvtivity  to  an  unacceptable  level  as 
shown  in  row  5  of  Table  II. 

Attempts  were  made  to  formulate  conduc¬ 
tive  coatings  without  the  stabilizing  filler 
using  two  different  fluorocarbon  polymers 
but  the  coatings  were  unacceptable  fiom  in¬ 
adequate  cure,  blistering  and  erosion  stand¬ 
points. 

The  optimum  formulation  for  the  antistatic 
erosion  coating  is  shown  in  the  table  as  AF¬ 
C-935.  This  fluorocarbon  is  applied  in  a  2 
mil  thickness  ever  th-i  base  fluorocarbon 
coating  which  is  10  mils  thick. 

EROSION  RESISTANCE  -  One  of  the  keys 
to  developing  elastomeric  coatings  which  ex¬ 
hibit  the  greatest  erosion  resistance  is  the  ex¬ 
tensive  use  of  rotating  arm  apparatus  to  char¬ 
acterize  the  dynamic  response  of  these  coat¬ 
ings  to  the  rain  environment.  One  rotating 
arm  is  located  at  the  Air  Force  Materials 
Laboratory  (4).  In  these  experiments  the 
coated  materials  specimens  are  fastened  on 
the  tips  of  a  propeller- like  blade,  spun  at 
velocities  of  500  MPH  typically,  through 
artificial  rain  (at  AFML,  1 . 0  inch/hour  simu¬ 
lated  intensity  of  1 . 8  mm  diameter  drops) 
which  impinges  on  the  surface.  The  speci¬ 
mens  are  exposed  in  this  environment  until 
failure  of  the  coating  by  penetration  to  the 
substrate,  which  is  determined  by  observa¬ 
tion  of  'he  specimens  while  running  through 
use  of  a  stroboscopic  light  and  closed  circuit 
TV  camera  (See  Figure  1).  The  performance 
of  coatings  in  the  rotating  arm  apparatus  has 
been  correlated  to  actual  flight  test  results 
both  as  to  rankings  of  various  materials  and 
the  actual  modes  of  failure  of  the  materials 
themselves. 

The  coating  penetration  phenomenon 
caused  by  continued  droplet  impingement  on 
the  surlace  varies  for  different  types  of 
coatings  (5).  For  example,  neoprene  coat¬ 
ings  gradually  wear  away  with  a  true  erosion 
phenomenon  on  the  surface.  Epcxy  or  poly¬ 
ester  coatings  possess  no  erosion  resistance 
at  all  and  fail  by  brittle  rupture  of  the  coat¬ 
ing.  Polyurethanes  do  not  erode  on  the  sur¬ 
face  but  suffer  localized  failures  at  a  weak 
spot  in  the  substrate  under  the  coating  or  at 
a  defect  in  the  coating  surface  after  pro¬ 
longed  exposure.  This  has  been  noted  for 
polyuruthane-coated  glass-epoxy  laminates 
where  under  long  exposure  times  (up  to  180 
minutes),  the  failure  is  the  result  of  eventual 
crushing  and  breakdown  of  the  laminate  by 
repeated  water  droplet  impacts.  The  neo¬ 
prene  coating  does  not  have  even  sufficient 
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strength  to  v/ithstand  the  water  impact 
like  the  urethane  and  hence  tears  with  subse¬ 
quent  droplets  causing  massive  damage  to  the 
laminate  when  the  neoprene  it  removed.  The 
fluorocarbon  erodes  in  much  the  same  man¬ 
ner  as  the  neoprene  but  withstands  rain  im¬ 
pingement  longer. 

Ihe  erosion  performance  cf  these  coatings 
is  compared  as  a  function  of  thickness  in 
Figure  2.  As  may  be  seen,  the  polyurethanes 
offer  at  least  five  times  the  erosion  resis¬ 
tance  of  the  neoprene  and  reports  from  actual 
service  tests  indicate  up  to  a  tenfold  improve¬ 
ment  in  life  of  the  coating  during  repeated 
flight  exposure.  The  failure  times  for  a 
0.012"  polyurethane  on  glass-epoxy  laminates 
are  120-160  minutes  at  500  MPH  in  1  inch/ 
hour  simulated  rainfall  (AFML  rig)  compared 
to  40  minutes  for  the  i  oprene  and  55  min¬ 
utes  for  the  fluorocarbon  in  the  same  condi¬ 
tions.  The  12  mils  thickness  is  a  minimum 
for  attainment  of  any  substantial  erosion  re¬ 
sistance:  at  thinner  sections,  elastomeric 
coatings  fail  rapidly  in  the  rain  environment, 

A  summary  of  properties  of  the  rain  ero¬ 
sion  resistant  elastomeric  radome  coatings  is 
given  in  Table  III.  See  Figure  3  for  a  photo¬ 
graph  of  a  C-14!  radome  coated  with  antistatic 
MIL-C-83231  Type  II  polyurethane  showing 
the  aluminum  lightning  arrestor  strips  (6). 


WEATHERING  AND  APPLICATION  -  The 
ability  of  the  elastomeric  erosion  coatings  to 
maintain  their  conductivity  and  erosion  resis¬ 
tance  after  prolonged  outdoor  weathering  is  a 
key  requirement.  The  most  serious  deficien¬ 
cy  in  the  old  MIL-C-7349B  neoprene  coatings 
was  their  embrittlement  within  a  short  time, 
2-3  months  with  loss  of  erosion  resistance  and 
loss  of  conductive  properties.  Although  the 
mechanism  whereby  this  conductivity  change 
occurs,  whether  polymer  degradation,  pig¬ 
ment  migration,  or  other  chemical  change,  is 
unknown,  the  weathered  neoprene  coatings 
would  no  longer  provide  precipitation  static 
or  static  discharge  protection. 

The  newly  developed  coatings,  MIL-C- 
83231  polyurethane  and  high  temperature 
fluorocarbon,  are  more  stable  to  the  ultra¬ 
violet  light,  ozone,  and  adverse  weather  ef¬ 
fects  and  exhibit  little  change  in  erosion  re¬ 
sistance,  ‘ransmission  properties  or  surface 
resistivity  even  after  a  year  of  Florida 
weathering  (7),  This  is  important  because 
the  maintenance  of  their  residency  is  the  key 
to  providing  e.-osion  protection. 

For  application  of  the  coating,  spray- 
ability  is  essential.  Furthermore,  rapid 
build-up  of  coating,  minimum  time  between 


coats,  and  cure  at  room  temperature  are 
desirable.  If  recoating  becomes  necessary 
(,n  many  cases  because  of  ground-caused 
damage,  not  erosion  or  static  burn-through) 
a  system  for  stripping  the  coating  meet  exist. 
Such  procedures  have  been  developed  lor  all 
erosion  coatings. 

CONCLUSIONS 

Coatings  for  precipita’ .on  static  and  static 
electricity  discharge  protection  of  nonmetal- 
lic  reinforced  composites  must  combine  con¬ 
ductivity,  rain  erosion  resistance,  radar 
transmission  properties,  weatherability  and 
ease  of  application  and  repair. 

Two  layer  coatings  based  upon  neoprene, 
polyurethane,  and  fluorocarbon  elastomers 
pigmented  with  carbon  black  have  been  devel¬ 
oped  to  provide  an  optimum  combination  of 
these  properties. 

Polyurethane  (MIL-C-83231)  and  fluoro¬ 
carbon  (AF-C-934  and  AF-C-935)  erosion 
coatings  provide  long  term  resistance  to  de¬ 
gradation  by  outdoor  weathering  while  the 
neoprene  (MIL-C- 7439B)  degrades  rapidly. 

By  properly  selecting  conductive  carbon 
blacks  and  stabilizing  oxide  fillers,  con¬ 
ductive  fluorocarbon  coatings  can  be  formu¬ 
lated  which  maintain  their  erosion  resistance 
and  other  properties. 

The  amount  of  carbon  black  in  conductive 
erosion  resistant  topcoats  governs  the  elec¬ 
trical  transmission  of  the  erosion  protective 
coating  system  (basecoat  plus  topcoat). 
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A  Review  of  Air  Force  Experience  kith  Static 
Electricity  Problems  on  Aircraft  Windshields 


Robert  E.  Wittman 

Air  Force  Materials  Laboratory 


ABSTRACT 


The  Air  Force  is  confronted  continuously 
with  problems  related  to  lightning..  One  area 
that  is  conspicious  by  it3  relative  insensi¬ 
tivity  to  direct  strikes  is  that  of  wind¬ 
shields  and  canopies  basically  because  the 
transparent  materials  used  in  these  components 
are  in  themselves  very  poor  conductors  as 
compared  to  metals.  Conversely  they  are  good 
insulators  or  dielectrics. 


The  bulk  of  aircraft  windshields  utilize 
two  materials  in  construction,  namely,  acrylic 
plaslics  and  glass.  Of  the  two,  glass  has  the 
lowest  surface  resistance  (A'lC*-  ohm).  The 
somewhat  open  silica  network  in  the  structure 
allows  hydration  which  is  not  as  evident  in 
the  ac'-ylics  (^'10^-®  ohm).  Glass  is  about 
10,000  times  as  good  a  conductor  as  acrylic 
under  comparable  conditions. 


All  aircraft  are  subjected  to  frictional 
interactions  with  air  and  any  particles 
suspended  in  air,  with  the  resultant  acquisi¬ 
tion  of  an  electrostatic  change  to  the  air¬ 
craft.  Highly  conductive  materials  allow 
these  charges  to  move  freely  and  be  removed 
by  one  of  several  techniques  or  natural 
reactions.  Non-conductors  must  rely 
predominantly  on  interactions  with  charged 
ions  to  lose  their  charge. 


Acrylics  and  glass,  by  their  non- 
conductiv  nature,  restrict  the  lateral 
movement  of  a  surface  charge  and,  consequently 


will  isolate  and  hold  a  charge  much  longer 
than  a  conducting  material.  Providing  a 
single  discharge  path  through  such  arrange¬ 
ments  as  a  grounding  strap  relieves  only  the 
area  in  the  proximity  of  the  strap.  Design 
requirements  for  specific  windshields  (shape, 
materials,  thickness,  anti-icing  needs,  etc.) 
combined  with  the  operating  environment  can 
produce  a  set  of  conditions  that  will  allow  a 
build  up  and  retention  of  a  static-charge 
that  can  j roduce  a  pers-unal  safety  hazard 
ranging  from  minor  electrical  shocks  to 
severe  burns  as  well  as  damaging  the  wind¬ 
shield  itself. 

Precipitation  static  build  up  and 
retention  on  aircraft  windshields  and  windows 
does  not  consitute  a  wide-, freed  Air  Force 
problem.  Quite  a  bit  of  information  on  this 
subject  was  generated  just  after  World  War  II 
and  vas  almost  all  completely  related  to 
communications  and  the  interference  created  by 
the  charging  phenomena. 

A  brief  analysis  of  factors  such  as 
transparent  metallic  coatings,  materials 
thickness,  etc,,  which  contribute  toward 
producing  a  precipitation  static -problem 
on  aircraft  windshields  will  be  given. 

Specific  windshield  designs  which  enhance 
static  build-up  will  be  discussed.  Observa¬ 
tions  and  conclusions  on  attempted  solutions 
to  the  problem  will  be  reviewed. 
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Windshield  Static  Electrification  Problems 


Commercial  Aircraft  Experience  and  Protection 
Parameters 

M.M.  Newman,  J.D.  Robb  and  J.R,  Stahraann 
Lightning  &  Transients  Research  Institute 

ABSTRACT 

Static  electrification  effects  on  aircraft 
electrical  heated  windshields  have  been  know  for 
many  years,  being  reported  in  the  first  Symposium 
on  Lightning  Protection  for  Aircraft  in  1948  (1)*. 
The  associated  effects  include:  (a)  induced  static 
electrification  pulses  on  windshield  heater  cir¬ 
cuitry,  (b)  puncture  of  windshield  outer  panels, 

(c)  interference  with  pilot's  vision  during  instru¬ 
ment  approaches,  (d)  thunderstorm  crcssfield 
transients  intensification  in  heater  circuitry 
and  (e)  shock  hazards  to  ground  personnel.  The 
principal  solutionr  to  all  of  the  above  problems 
include  the  use  of  external  conductive  coatings 
and  surge  protection  devices  on  the  heater  cir¬ 
cuitry.  Erosion  resistant  conducting  coatings, 
one  of  the  major  problem  areas,  have  been  de¬ 
veloped  for  glass  but  remain  to  be  developed  for 
plastic  windshields. 

STATIC  ELECTRIFICATION  puncture  of  airctaft 
windshields  has  been  reported  as  early  as  1948 
in  the  first  Symposium  on  Lightning  Protection 
for  Aircraft. (1)  Reports  were  received  of  a  Pan 
American  Airways  aircraft  having  its  windshield 
shattered  during  a  lightning  strike  incident 
shortly  after  leaving  Shannon,  Ireland  for  the 
U.S.  The  windshield  was  electrically  heated 
but  used  fine  wires  in  the  heating  element 
rather  than  a  metallized  continuous  coating  pre¬ 
sently  in  use.  Experiments  were  carried  out  on 
windshield  samples  in  a  study  with  Pittsburg 
Plate  Class  Company,  who  manufactured  the  wind¬ 
shields  and  the  investigations  indicated  that 
the  punctures  were  more  likely  due  to  the 
effects  of  friction  charging  on  the  windshield 
or  combinations  of  friction  charging  effects 
and  rapid  thunderstorm  crossfield  transients 
rather  than  due  simply  to  electric  field  changes 
from  a  lightning  strike  to  the  aircraft. 

Conductive  coatings  were  recommended  as  a  pre¬ 
ventive  measure  and  were  developed  by  Pittsburg 
Plate  Glass  In  the  form  of  an  external  Nesa 
coating  for  alleviating  the  problem.  Since 
that  time,  occasional  reports  have  been  receiv¬ 
ed  of  problems  with  windshields  utilizing 
electrically  heated  coatings  below  the  outer 
lamination  and  investigations  of  the  problem 
showed  that  one  of  the  principal  difficulties 
was  the  failure  of  ground  crews  to  properly 
analyze  the  source  of  the  problem.  Although 
windshield  problems  can  a.ise  from  a  variety 
of  ceases  other  than  static  electrification  of 
the  outer  surface,  for  example  by  faulty  temp¬ 
erature  controllers  and  mechanical  stresses,  it 
is  very  seldom  that  maintenance  personnel  con¬ 


sider  the  possibility  of  static  electrification 
puncture  until  it  is  specifically  pointed  out. 

As  aircraft  have  hecome  larger  and  as 
more  emphasis  is  placed  on  good  visibility,  the 
windshields  are  becoming  larger  with  increasing 
static  electrification  problems  because  of  the 
increased  potentials  which  can  result.  At  any 
specific  altitude  there  is  a  limited  horizontal 
electrical  gradient  which  C3n  be  sustained 
across  the  windshield  surface  and  consequently 
the  larger  the  windshield  size  the  greater  the 
gradient  which  can  be  sustained  and  the  greater 
the  total  potential  which  can  be  accumulated. 

PROBLEMS 

There  are  four  principal  problems  associat¬ 
ed  with  atmospheric  electrical  affects  on  air¬ 
craft  windshields.  These  are: 

(a)  direct  precipitation  charge  accumula¬ 
tion  and  puncture  of  tne  windshield  outer  glass 
with  possible  electrical  damage  to  the  wind¬ 
shield's  control  circuitry, 

(b)  electrification  of  the  outer  glass  with 
surface  flashover  resulting  in  high  voltage  in¬ 
duced  transients  and  resultant  damage  to  the 
windshield  electrical  heating  control  circuitry, 

(c)  induced  voltages  from  the  presence  of 
the  aircraft  in  thunderstorm  crossfield  regions 
resulting  in  electromagnetic  pulse  coupling 
into  the  controller  circuitry, 

(d)  visible  windshield  electrification  in¬ 
terfering  with  pilot's  visibility  during  instru¬ 
ment  approaches, 

(e)  shock  hazards  to  ground  maintenance 
personnel. 

SOLUTIONS 

The  solutions  to  the  problem  include  the  use 
of  volume  or  surface  resistivity  to  limit  the 
potentials  which  can  be  accumulated  on  the  wind¬ 
shield  surface  under  the  most  severe  charging 
conditions.  Also  a  variety  of  electrical  circuit 
protection  devices  are  now  avaiiaole  for  pro¬ 
tection  of  the  electrical  heating  circuitry. 

The  principal  coating  presently  in  use  for 
glass  outer  panels  is  stanous-oxide  which  can  be 
fused  into  the  glass  exterior  surface  to  suffi¬ 
cient  depth  that  erosion  should  not  seriously 
reduce  the  resistivity  of  the  external  surface 
coating  during  the  life  of  the  windshield. 

Plastic  external  windshield  surfaces  required  in 
some  applications  present  a  more  difficult  pro¬ 
blem  for  which  there  has  been  to  date  no  truly 
successful  solutionr  developed.  However,  multi¬ 
ple  layered  coatings  are  presently  under  develop¬ 
ment  which  offer  some  promise. 

Calculations  have  been  carried  out  on  the 
volume  and  surface  resistivities  required  for 
an  incident  friction  charging  rate  of  40  micro¬ 
amperes  per  square  foot,  a  maximum  rate,  and 
for  combinations  of  volume  and  surface  resisti¬ 
vity  as  presented  in  Table  I.  These  are  applica- 
ble  to  both  glass  and  plastics. 

^Numbers  in  parentheses  designate  Reference 
at  end  of  paper. 
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TABLE  1 

Voltage  on  Windshield  for  Severe  Snow  Friction  Charge  Rate 
of  40  Microamperes  Per  Square  Foot 
for  Various  Volume  (  fv  )  and  Surface  (  )  Resistivities* 

{  P  in  ohm  meters,  in  ohvns  per  square) 


fr 

CO 

io12 

Ohms  per 

10U 

square 

io10 

109 

00 

o 

( n  -m) 

(  Xl-cm) 

P5075300 

2507530 

250753 

25075 

2508 

1012 

io14 

1246500 

981000 

779592 

207995 

24580 

— 

1011 

1013 

124650 

114826 

98100 

77959 

20800 

2458 

1010 

io12 

12465 

12331 

11482 

9810 

7796 

2080 

109 

10u 

1247 

1245 

1233 

1148 

981. 0 

779.6 

108 

io10 

124.7 

M  — 

124.  5 

123.  3 

114.8 

98.  1 

Surface  flashover  to  windshield  mounting  frame  will  limit  voltage  to  about 
300,  OCC  volts  maximum  for  the  dimensions  of  the  windshield,  abcut  30  inches 
edge  to  edge. 
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One  other  associated  problem  is  that  of 
thunderstorm  crossfield  coupling  into  the 
electric  heating  circuitry  in  spite  of  the  use 
of  external  resistive  coatings.  As  shown  in 
Append.Iar.  incident  electric  field  of  5,000 
volts  per  centimeter  which  has  been  actually 
measured  in  flight  just  previous  to  lightning 
strikes,  will  produce  on  a  large  windshield 
without  a  conductive  coating  a  potential  on  the 
metallized  1  eater  element  of  about  6000  volts. 

shown  in  the  lable,  the  addition  of  resistive 
coatings  with  the  magnitudes  used  on  commercial 
aircraft  windshields  can  reduce  the  problem  but 
not  eliminate  it,  thus  some  type  of  windshield 
protection  circuitry  should  be  utilized  in  view 
of  the  excellent  coupling  through  the  heating 
element  which  can  act  as  an  antenna  into  the 
aircraft  interior  electrical  system. 

SUMMARY 

External  conducting  coatings  have  provided 
a  satisfactory  solution  to  the  problem  of  fric¬ 
tion  electrification  puncture  and  surge  damage  to 
heater  circuitry  when  uaed  in  conjunction  with 
circuit  protection  devices.  The  principal  re¬ 
maining  problem  is  the  development  of  erosion 
resistant  conducting  coatings  for  plastic  wind¬ 
shields.  There  is  also  a  need  for  the  education 
of  design  and  maintenance  personnel  that  they 
may  be  aware  of  the  effect  in  order  to  prevent  it 
in  new  designs  or  recognize  it  when  it  occurs  in 
the  field  in  order  that  preventive  measures  can 
be  taken. 
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APPENDIX  X 

Attenuation  of  Thunderstorm  Induced  Surges  on 
Windshield  Subsurface  Heating  Elements  by 
Resistive  Surface  Coatings 

Thunderstorm  crosafields  can  induce  charge 
separation  in  vehicles  in  flight.  This  charge 
will  also  be  induced  in  subsurface  or  surface 
coatings  of  windshields  as  illustrated  in 
Figure  1.  A  release  of  the  thunderstorm 
charge  by  a  remote  lightning  discharge  will 
immediately  release  the  charge  separation  on 
the  aircraft,  however,  the  charge  on  the  wind¬ 
shield  will  be  released  more  slowly  aa  it  wust 
leak  off  through  the  resistive  surface  coating. 
Thus  a  remote  lightning  stroke  will  cause  a 
charge  separation  to  occur  on  the  aircraft  be¬ 
tween  the  skin  and  the  surface  or  subsurface 
coating  resulting  in  an  induced  voltage  on  the 
heater  circuit  wiring.  As  the  inter-resistive 
layer  capacity  C  is  very  large  (about  10,000 
2 

pfs)  the  addition  of  a  surface  coating  will 
divide  the  voltage  in  proportion  to  the  wind¬ 
shield  outer  coating  capacity  to  the  thunder¬ 
storm  charge  region  C  and  the  inner  heating 
1 

layer  capacity  to  the  aircraft  C  .  C  and  C 

3  3  1 

will  be  of  the  same  order  of  magnitude,  or  a 
fev  hundred  picofarads  for  a  large  windshield. 
Measurement  of  these  two  capacities  will  permit 
calculation  of  the  reduction  ratio. 

Voltage  (coating)  _  Cj 
Voltage (no  coating)  C^+  C3 

The  calculations  for  maximum  incident 
thunderstorm  fields  of  500,000  volts  per 
meter  show  voltages  on  the  heater  circuitry 
of  about  2000  volts  with  surface  coatings 
and  about  double  that  for  uncoated  windshields. 
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WINDSHIELD  RELATED  PROBLEMS  -  A 
MANUFACTURER'S  VIEW 

F.  H.  GILLERY,  SENIOR  SCIENTIST 
PPG  INDUSTRIES,  INC. 


ABSTRACT 

A  discussion  of  the  well-documented 
cases  of  windshield  failure  thought 
to  have  been  caused  by  electrostatic 
build-up  will  be  presented,  and  an 
interpretation  of  the  effects  in  light 
of  the  windshield  design  will  be  made. 

Finally,  several  methods  of  preventing 
or  minimizing  failure  will  be  analyzed 
and  recommendations  made  for  future 
designs. 
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Windshield  Related  Electrostatic  Problems 

Electrification  Studies  on  the  747 

Rowan  0.  Brick 
The  Boeing  Company 
Commercial  Airplane  Group 


Several  3tudy  programs  have  been  con¬ 
ducted  by  The  Boeing  Company  to  determine  the 
relationship  between  electrostatics  and  some 
unexplained  windshield  failures  that  have  oc¬ 
curred  in  flight. 

The  rCi-Doee  presentation  will  be 

to  discuss  study  programs  that  were  conducted 
to  determine  how  electrostatic  particle  charg¬ 
ing  and  lightning  strikes  would  affect  the 
windshield.  The  following  study  programs  will 
be  reviewed. 

1.  Investigation  of  windshield  charging 
in  flight. 

2.  The  effects  of  electrostatic  pulses 
on  the  windshield  heater  controls. 

3.  The  simulation  of  lightning  puncture 
of  the  outer  glass  ply  by  dielectric  strength 
tests. 

4.  The  simulation  of  particle  charging 
to  investigate  the  windshield  surface  flash- 
over  characteristics. 

As  a  result  of  the  study  programs  changes 
were  made  on  the  production  windshields.  Wind¬ 
shield  failures  after  the  production  changes 
will  be  compared  to  earlier  windshield  fail¬ 
ures  to  determine  if  the  changes  were  helpful 
in  eliminating  some  of  the  suspected  electro¬ 
static  ^.oblems. 
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MISSILES  AND  SPACECRAFT 
R.W.  ELLISON,  CHAIRMAN  &  ORGANIZER 
MARTIN  MARIETTA  CORPORATION  -  DENVER  DIVISION 


Introduction  of  the  Session 


R.  W.  Ellison 
Martin  Marietta  Aerospace 


THE  MISSILE  AND  ROCKET  session  for  this 
conference  addresses  the  In-fl'ght  aspects  of 
static  electricity.  The  papers  discuss  flight 
data  on  the  magnitudes  of  the  electrification, 
the  effects  ".hat  have  been  encountered  in 
flight,  ground  tests  that  lead  to  corrective 
measures  prior  to  flight,  and  are  concluded  oy 
a  paper  summarizing  the  important  practical 
aspects  of  the  flight  electrification  phenomena. 
One  of  the  papers  includes  data  implicating 
electrification  as  a  factor  in  contamination 
control. 

The  subject  and  the  papers  for  this  session 
were  chosen  to  increase  awareness  among  aero¬ 
space  engineers  that  static  electricity  must  be 
considered  during  the  design,  testing,  and  sys¬ 
tem  analysis  phases  of  space  projects.  Most 
aerospace  engineers,  as  well  as  a  majority  of 
designers  of  satellite  l.wtruments ,  have  been 
barely  aware  that  static  el  ctricity  occurs  and 
has  significance  in  their  work;  only  a  few  have 
been  adequately  knowledgeable  of  this  matter. 

The  author?  of  the  papers  in  this  session  are, 
in  substantial  measure,  both  pioneers  and  ex¬ 
perts  in  the  subject. 

The  USSR  has  also  beer,  active  over  the  last 
decade  in  studying  the  electrlf ir.tion  of  space¬ 
craft.  Perhaps  the  earliest  measurements  of 
electric  fields  on  orbital  spacecraft  were  those 
of  Imyanitov  and  Gurevl ch.  The  USSR  literature 
available  suggests  the  Russians  have  encountered 
substantial  problems  with  static  electricity; 
however,  the  known  reports  do  not  identify  the 
in-flight  effects  that  were  troublesome  nor  the 
subsystems  that  were  affected.  Certainly  their 
early  instruments  to  measure  particles  and  fields 
in  the  upper  atmosphere  were  involved — as  were 
our  own — but  no  specific  details  are  available. 
Recent  reports  suggest  that  a  high  level  of 
activity  in  the  USSR  continues  to  be  concerned 
with  the  effects  of  static  electrification. 

Future  progress  in  undeistanding  the  mag¬ 
nitudes  of  electric  fields  arising  on  spacecraft 
is  being  hindered  by  the  lack  of  direct  measure¬ 
ment  of  E-fields.  Since  the  last  conference, 
measurements  have  been  made  on  a  Thor-Delta 
flight,  and  direct  measurements  on  a  Titan  III 
booster  will  be  reported  in  the  next  paper.  But 
nc  direct  measurements  have  been  made  on  lunar 
orbital,  lunar  surface,  earth  orbital,  or  inter¬ 
planetary  missions.  Measu-ements  on  such  mis¬ 
sions  will  be  mandatory  to  provide  the  firm 
foundation  required  to  make  progress  in  this 
discipline.  Until  now,  we  have  been  almost 


entirely  dependent  on  inferences  deduced  from 
space  science  data.  I  strongly  urge  this  aud¬ 
ience  to  initiate  and  support  proposals  for 
adding  field  mills  or  their  equivalent  to  pro¬ 
grams  with  which  they  are  involved.  The  in¬ 
struments  are  available,  some  are  qualified 
for  the  environment  of  space,  and  their  use  on 
future  missions  is  strongly  recommended. 

For  interplanetary  missions,  it  has  been 
suggested  that  contaminants,  as  they  sublimate, 
may  continue  to  lose  mass  in  environments  which 
prohibit  a  loss  of  electrical  charge.  This 
concept  would  lead  to  very  high  charge- co-mass 
ratios  for  the  particles  in  the  vicinity  of 
spacecraft  that  are  known  to  have  substantial 
voltages.  It  is  anticipated  that  such  ques¬ 
tions  may  be  investigated  in  the  near  future 
and  that  some  answers  may  be  available  in  time 
for  the  next  conference. 

In  conclusion,  two  areas  of  experimental 
work — field  measurements  and  particulate  elec¬ 
trification  in  space — may  merit  our  attention 
in  the  near  future  as  we  begin  to  apply  our 
existing  knowledge  to  the  systems,  subsystems, 
and  sensors  that  will  be  used  in  space  mis¬ 
sions  for  defense,  civil,  and  scientific  pro¬ 
grams. 
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Results  of  Titan  HI  night  Electrostatic 
Experiments 

J.  E.  Nanovicz 

Stanford  Research  Institute 

ABSTRACT 

Flight  test  and  ground  test  exportments 
were  co»*ducted  during  the  launch  of  two  Titan 
IIIC  rockets  to  study  Titan  rocket  vehicle 
electrification.  The  results  of  the  experiments 
Indicate  that  many  of  the  electrification  pro¬ 
cesses  observod  on  aircraft  also  occur  on  large 
rockets.  Rocket  motor  ch2-ging  currents  of  tho 
order  of  50  to  100  j»A  raise  the  potential 
of  tho  rocket  to  hundreds  of  kilovolts  even 
during  a  clear  oeatner  launch.  Frontnl  precip¬ 
itation  charging  rates  aeasured  on  the  Titan 
are  in  good  agroemont  with  aircraft  data. 

Streamer  discharges  were  shown  to  occur  on  plastic 
frontal  surfaces  of  the  rocket  exposed  to 
precipitation  particle  impact.  Tho  charge 
transferred  per  streamer  is  In  good  agreement 
with  data  obtained  during  aircraft  flight  tests. 

"he  high  rocket  exhaust  temperature  result 
in  interesting  differences  between  aircraft  and 
rocket  potential.  Of  particular  Interest  is  the 
indication  that  tho  highly-conducting  portion 
of  tho  rocket  exhaust  extends  to  650  ft  aft  of 
the  rocket. 

ROCKETS  AUD  SPACE  vehicles  can  acquire  oloctrical 
charge  of  various  amounts  froa  such  processes  as 
triboelectric  charging  froa  particulate  natter; 
plasaa  processes  in  tho  ionosphere,  radiation 
bolts,  and  solar  wind;  photoelectric  charging 
from  high-energy  radiation;  and  engine  charging 
Ivon  various  processes  occurring  in  the  combustion 
ebanbers  of  rocket  engines.  Of  these  charging 
processes,  triboelectric  charging  and  engine 
charging  appear  to  bo  tho  predominant  sources 
of  dotrinontal  vehicle  charging  iron  the  stand¬ 
point  of  producing  high  vehicle  potentials  that 
lead  to  sparks,  corona,  and  streamors.  0-7) 

On  tho  Titan  III-C  vehicle,  anomalous 
Missile  Guidance  Computer  (MGC)  responses  havo 
boon  observed  during  tho  flight?  of  Vehicles 
C-10  and  C-14.  Ground  tests  of  tho  MGC  Indicate 
that  similar  responses  can  bo  produced  bv  sparks 
to  tho  coaputor  case  or  by  electrical  discharges 
near  the  coaputor  aysttem.  In  addition,  the 
Titan  Ili-C  payload  fairing  is  coated  with  an 
ablating  notorial  on  which  chargo  cay  accumulctc, 
rod  tha  fairing  was  not  positively  bonded  to  tho 
nissilo  f race.  Thus,  it  was  strongly  suspected 
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that  the  anomalies  observod  on  Vehicles  C-10 
and  C-14  wore  of  electrostatic  origin. 

Tho  object  ivos  of  this  program  vero  to 
study  the  vehicle  electrification  mechanisms 
ard  charging-current  magnitudes  on  the  Titan 
III-C  rocket  vehicle  in  an  effort  to  better 
understand  the  processes  by  which  electro¬ 
magnetic  impulses  capable  of  affecting  sypiem 
operation  might  be  generated.  The  objectives 
wero  achieved  by  developing  and  calibrating 
special  flight- test  Instrumentation  and  instal¬ 
ling  and  operating  it  on  two  Titan  III-C 
rockots  during  scheduled  firings.  The  instru¬ 
mentation  is  dosignod  to  measure  vohiclo  poten¬ 
tial,  charging  current  arriving  on  a  notal 
frontal  surface,  and  streamers  generated  on  s 
small  dielectric  frontal  surface  (8). 

Actual  installation  of  the  instrumentation 
or.  tho  Titnn  III-C  test  vehicle  was  accomplished 
at  the  Eastern  Test  Range  by  tho  Martin- 
Marietta  Corporation  on  a  separate  contract. 

During  the  Titan  III  instrument  development 
and  fabrication  period,  Apollo  12  was  struck 
by  lightning  during  launch,  and  SRI  scientists 
participated  in  two  series  of  ground  experiments 
(one  on  Apollo  13  and  the  second  on  Apollo  14) 
to  investigate  the  electrical  characteristics 
of  tho  Apollo  rocket  and  its  plume  (9) .  These 
Apollo  experiments  wero  conducted  with  no 
electrostatic  instrumentation  on  the  rocket, 
while  tho  Titan  III-C  experiments  were  to  bo 
conducted  with  no  ground-based  electrostatic 
instrumentation.  It  was  observed  that  both 
programs  would  oe  considerably  strengthened 
at  a  relatively  little  expense  if  provisions 
were  mode  to  include  ground-based  measurements 
on  tho  Titan  program.  Accordingly,  a  set  cf 
ground-based  field  actors  was  fabricated  and 
emplaced  cround  tnc  Titan  III-C  launch  complex 
for  each  launch. 

INSTRUMENTATION 

FLIGHT  -  The  instrumentation  system  was 
devolop>od  (8)  to  measure  tho  following  para¬ 
meters  during  the  flight  ol  the  test  vehicle: 

(1)  Instantaneous  vehicle  potential 

(2)  Charging  rate 

(3)  Impinging  particle  count 

(4)  Streamer  discharge  PHF 

(5)  Streamer  discharge  current 
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(6)  Ambient  electron  density. 

An  elec trie -field-meter  system  is  used  Jo  jovsu re 
vehicle  potential.  The  field  strength  measured 
at  a  point  on  the  surface  of  the  vehicle  by  the 
field  meter  is  directly  proportional  to  the 
vehicle  potential;  thus  a  censure  of  the  field 
strength  is  tantamount  to  a  i  ensure  of  vehicle 
potential.  The  vehicle  can  bt  charged  by 
frictional  electrification  by  lockot-ongine  oper¬ 
ation. 

A  charging  patch  located  on  the  noso  of  the 
rocket  is  used  to  measure  the  chaiging  produced 
by  impinging  dust  or  precipitation  particles 
only  (10).  The  charging- rs.te  patch  consists 
cf  an  electrically  isolated  conductor  on  the 
cutsldo  of  the  /ehicte  subject  oh  the  impingement 
of  dust  or  precipitation.  The  electronic  cir¬ 
cuitry  associated  with  this  patch  is  designed  to 
measure  the  current  flowing  to  the  paten  and  to 
count  tha  number  of  particles  impinging. 

In  an  effort  to  furthor  sturdy  the  breakdown 
processes  occur -ing  on  a  rochet  vehicle,  pro¬ 
visions  were  cade  to  count  the  stressor  pulses 
generated  by  charging  of  a  small,  insulating 
region  of  the  vehicle  noso.  The  electronic 
circuitry  used  for  the  st roarer  studies  Includes 
provisions  for  treasuring  the  streamer  current 
and  for  counting  the  number  of  streamers  generated. 

The  Langmuir  probes  for  studios  during 
orbit  injection  are  similar  to  those  designed 
ana  fabricated  by  SRI  for  use  by  AFCRL  in  their 
Trailblazer  experiments  (11).  The  probe  eonsistr 
of  an  isolated  conductor  biaetd  negatively  with 
respect  to  tho  skin  so  that  it  collects  satur¬ 
ation  ion  current.  Tho  magnitude  of  tho  current 
is  related  to  the  sloctrer  density  in  the 
immediate  vicinity  of  the  probe  (12). 

rigid  Meter  -  The  field  ssetcr  developed  for 
this  program  is  of  tho  rotating  vano  design. 

The  detector  head  is  counted  in  a  hole  in  the 
skin  in  such  a  manner  that  the  actor  vanes  are 
exposed  to  the  exterior  of  the  vehicle  as  shown 
in  Figui's  1.  Hovemont  of  the  grounded  rotor 
shown  in  tho  figure  causes  the  stator  to  be 
alternately  exposed  to  and  shielded  froa  tho 
exterior  environment.  In  this  way  an  alternating 
signal  Is  generated  in  tho  stator  ns  the  rotor 
chocs  tho  ambient  electric  field  at  the  skin  or 
as  it  chops  a  convection  current  to  the  skin. 

The  flight  test  system  included  provisions  for 
separating  tho  "electric  field'  signs!  froa  tho 
"convection  current"  signal  (8) . 

To  ensure  its  proper  operation,  the  field 
swjter  -aist  not  be  located  near  plastic  surfaces 
which  cay  ao.umulato  charge  and  distort  tho 
electric  fie..d  at  the  cotor  location.  In  deter¬ 
mining  a  location  for  the  fiold-notcr  sensor, 
tho  transtage  (13)  (Stage  III)  cf  tho  vehicle 
•wts  attractive  because  this  section  resales 


intact  and  operational  until  payload  orbital 
injection  seven  hours  after  launch.  This  part 
of  tho  falrl;ig  is  covered  with  a  5-mll -thick 
layer  of  special,  thermal-control  silicon  paint 
of  sufficient  electrical  quality  to  maintain  an 
electric  charge  on  its  surface  for  extended 
neriods  of  tlmo.  This  problem  was  oveicomo  by 
installing  a  21-by-30-inch  shset  of  Alzak  (an 
electropolished,  anodized  soft  aluminum)  on  the 
skin  of  the  vehicle  surrounding  the  field  meter. 
This  material  has  suitable  optical  character¬ 
istics  for  use  os  a  thermal-control  material 
on  the  surface  of  the  Titan  1II-C,  and  labora¬ 
tory  tests  demonstrated  that  it  retains  a 
sufficiently  small  charge  on  its  surface  to 
permit  it  to  bo  used  around  the  field  meter. 

Cborglng  Rate  and  Particle  Counter  -  The 
charging  rate  and  particle  count  are  determined 
with  one  sensor  and  appropriate  signal  processing. 
Tho  particle  counting  is  .tcn«  bv  processing 
pulses  produced  by  individual  particle  charge 
deposited  on  the  setter  plate.  The  charging 
rate  is  obtained  from  the  average  current 
flowing  to  tho  riato  as  a  result  of  these 
charge  deposits. 

A  photograph  of  the  particle  sensor  is 
shown  in  Figure  2.  The  entire  assembly  is 
made  of  O.CSO-inch-thick  stainless  ateol  pieces 
cemented  to  a  fiberglass  substrate.  The  particle 
electrode  is  simply  the  3-bj-30  cm  rectangle 
of  strinloss  steel  shown  in  tk?  lower  part  of 
the  photograph.  Ideally,  for  best  particle- 
pulse  definition,  tho  sensor  should  be  a 
conducting  strip  with  its  longest  axis  oriented 
at  right  angles  to  the  flight  path.  With  this 
arrangement,  particles  remain  close  to  the 
skin  as  they  cross  tho  sensor  eloctrrde  and 
gap  and  generate  sht.rt,  high-anpl itude  pulses. 

The  Ins. runout ition  i or  studying  frontal 
charging  is  shown  ).n  block  ferm  in  Figure  3. 
Particles  impinging  on  tho  sensor  induce  current 
pulses,  the  ac  components  of  which  are  fed 
through  the  coupling  capacitor,  C,  to  the  input 
of  the  pulse  Amplifier  located  immediately 
behind  the  sensor.  The  input  resistor,  R,  is 
chosen  so  that  lCa  (where  Cs  is  the  stray 
capacitance  to  ground  of  tho  input  circuit)  is 
small  compared  to  the  time  between  successive 
pulses.  The  pulses  nut  of  tho  amplifier  are 
fed  to  an  -bsnlute-vtluo  amplifier.  The 
unipolar  pulses  froa  tho  output  are  used  to 
trigger  a  pair  of  one-shot  multivibrators.  The 
output  from  etch  multivibrator  is  integrate 
and  used  to  drive  n  channel  of  the  telemetry 
system.  Siaco  all  of  tho  outpjt  pulses  pro¬ 
duced  by  a  particular  mul tivicrator  are  of 
identical  shape,  tho  output  from  the  inter r*to~ 
is  linearly  proportional  to  tho  PRF  of  thu 
pulses  at  the  input.  Thus  tho  output  is  linearly 
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FIGURE  2  PARTICLE/STREAMER  SENSOR 


proportional  to  the  particle  Impingement  rato. 
Wider  dynamic  range  for  the  system  is  achieved 
by  setting  the  multivibrator  constants  such 
that  the  top  one  produces  wider  pulses  than  the 
lower  one.  Thus,  for  a  given  pulse  rate,  the 
top  multivibrator  produces  a  higher  dc  output 
from  its  integrator  than  the  lower  one. 

The  dc  component  of  the  current  deposited 
on  the  probe  flows  to  ground  through  the  low- 
pass  RC  filter,  the  input  resistance  of  the 
differential  amplifier,  and  R^  The  voltage 
developed  by  this  current  flowing  through  the 
differential  amplifier  input  is  amplified  and 
used  to  drive  a  telemetry  channel.  Switch  S 
is  open  the  entire  time  that  frontal  charging 
measurements  are  being  made,  so  that  the 
power  supply  V  Is  not  connected  to  the  differ¬ 
ential  amplifier  during  this  tlmo.  The 
purpose  of  the  power  supply,  the  switch,  and 
tho  ion-probe  lead  is  to  permit  the  particle 
current  circuitry  to  bo  used  as  a  Langmuir 
ion  probo  in  the  ionosphere.  In  this  paper, 
consid elation  will  be  limited  to  the  atmospheric 
portion  cf  the  flights. 

Streamer  Counter  nnd  Dielectric  Charging  - 
The  streamer  patch  is  designed  to  provide  a 
direct  measure  of  frontal-dielectric-surface 
charging  and  streamer-discharge  occurence. 

Tho  streamer  pulse  rate  and  streamer  current 
to  an  Isolated  dielectric  patch  were  measured 
using  signal-processing  electronics  similar  to 
that  used  with  the  particle-charging  system 
discussed  in  the  previous  section. 

The  form  of  the  sensor  evolved  for  streamer 
studies  is  shown  in  the  upper  part  of  the  photo¬ 
graph  of  Figure  2.  A  region  of  dielectric  3 
by  30  cm  is  exposed  to  impinging  partie:-r:  The 

streamer  electrode  is  a  0.005-inch-thie*  '‘/it, 
of  stainless  sted  < nsulated  from  the  re.'1 
the  structure  andprotruding  0.005  inch  on'.,  ’he 
dielectric  from  the  lowe:  edge  of  the  riir.  a  i-.ind 
the  dielectric  region.  Charge  depojj  ted  on  the 
dielectric  surface  is  relieved  by  streamers  to 
the  streamer  electrode  or  to  the  surrounding 
metal  structure.  Thase  streamer  discharges 
generate  pulses  in  the  streamer-sensor  electrode. 
The  dc  current  flowing  to  the  streamer  electrode 
is  very  nearly  equal  to  ono-half  the  charging 
current  arriving  -on  the  Isolated  dielectric 
region  (the  other  half  of  the  current  flows  tc 
the  grounded  surrounding  structure). 

The  electronic  system  used  for  the  streamer 
studies  is  of  the  same  form  os  that  indicated 
in  Figure  3.  Since  streamer  pulses  are  much 
more  energetic  than  the  pulses  generated  bv 
individual  precipitation  or  dust  particles,  the 
gain  of  the  pulse  amplifier  in  the  system  is 
reduced.  The  dc-current-measurlng  system  is 
identical  to  that  used  in  the  partlc) e-charglng 


studios,  since  the  charging  areas  are  very 
nearly  the  same  in  the  two  cases,  and  the 
currents  should  be  tfte  same. 

Installation  on  Test  Vehicle  -  The  general 
form  of  the  Titan  Ill-C  test  vehicle  and  the 
physical  placement  of  the  electrostatic  study 
instrumentation  on  it  is  shown  in  Figure  4. 

All  of  the  electronics  and  senaora  are  located 
either  in  the  transtage  or  the  payload  fnirlng. 
Both  of  these  structures  stay  with  the  vehicle 
throughout  the  eany  staging.  The  payload 
fairing  is  Jettisoned  280  seconds  into  the 
flight  at  an  altitude  of  400,000  feet.  The 
transtage  remains  intact  and  operating  until 
the  time  of  payload  orbit  injection, 

A  more  detailed  illustration  of  the 
instrument  locations  is  shown  in  Figure  S.  The 
particle/streamer  sensor  is  installed  on  the 
outside  surface  of  a  door  in  the  nose  of  the 
payload  fairing.  This  location  was  chosen 
because  it  places  the  surface  of  the  sensor  at 
roughly  45°  to  the  axis  of  the  rocket.  This 
location  is  away  from  the  stagnation  region  at 
the  none,  but  still  not  so  far  back  on  the 
rocket  that  the  sensor  is  shielded  from  the 
particles.  A  location  on  the  vehicle  at  90° 
from  the  target  direction  was  chosen  to  minimize 
changes  in  particle  impingement  resulting  from 
changing  airflow  patterns  about  the  probe 
during  vehicle  maneuvering.  The  in-flight 
maneuvering  of  the  Titan  1I1-C  is  such  that  the 
pitch  of  the  rocket  (in  the  plane  of  the  target 
direction)  is  non-zerr>,  and  changes  from  time 
to  time  during  the  flight.  No  deliberate 
changes  are  made,  however,  in  the  yaw  direction, 
and  the  yaw  angle  is  maintained  near  zero 
throughout  the  flight.  Thus  the  airflow  patterns 
about  the  sensor  should  be  constant  during 
flight. 

To  avoid  particle  impingement,  the  field- 
meter  sensor  was  located  on  the  side  oi  the 
rocket  away  from  the  target  direction.  Since 
the  vehicle  operatoe  in  a  pitch-up  attitude 
•luring  much  of  the  launch  trajectory,  the 
back  side  of  the  vehicle  is  shielded  from  parti¬ 
cles. 

GROUND  -  As  was  indicated  earlier,  the 
purpose  of  the  Titan  ground  experiments  was  to 
generate  data  to  supplement  that  from  the 
flight  vehicle,  and  to  provide  a  comi  on  set  of 
measurements  to  unify  the  Apollo  and  Titan 
electrostatic  experiments.  As  is  indicated  in 
Ref.  9,  the  Apollo  experiments  were  designed 
to  use  launch  perturbations  in  ground  electro¬ 
static  field  structure  to  infer  as  much  as 
possible  about  the  electrical  appearance  of  the 
launch  vehicle  (i.e.,  is  the  vehicle  highly 
charged,  or  is  the  conducting  portion  of  the 
plume  thousands  of  feet  long?).  The  SRI 
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instrumentation  for  the  Apollo  experiments 
consisted  largely  of  field  meters  arrayed  on 
the  ground  u round  the  launch  pad  and  on  the 
launch  tower,  A  similar  ground  installation 
was  used  for  the  Vi  tan  launches, 

A  drawing  of  the  Tltar,  launch  pad  showing 
field  meter  locations  is  shown  in  Figure  6, 

During  the  early  part  of  the  launch,  the  rocket 
exhaust  is  directed  eastward  via  the  exhaust 
duct.  To  minimize  coupling  to  the  exhaust 
products  (which  generally  are  charged),  a  set 
of  field  meters  A,  B,  and  C  was  set  out  in  a 
line  to  the  south  of  the  pad  at  right  angles 
to  the  exhaust  duct.  Field  meter  D  was  positioned 
slightly  north  of  the  exhaust  due',  axis  to 
couple  strongly  to  the  exhaust  products. 

Field  meter  £  was  located  on  the  top  of  the 
tower  to  couple  strongly  to  the  rocket  as  it 
moves  by  the  tower  in  an  effort  to  measure  the 
potential  of  the  vehicle  as  it  moves  by. 

A  photograph  of  a  typical  ground  field- 
meter  installation  is  shown  in  Figure  7.  All 
of  the  electronics  and  the  strip-chart  recorder 
were  housed  in  a  plywood  box  that  protected 
the  system  from  the  weather  and  provided  a 
convenient  base  for  sandbagging  to  protect  the 
instrumentation  from  the  launch  blast.  The 
field-motor  detector  head  is  positioned  upside 
down  13$  inches  aboye  ground  and  a  few  feet 
toward  the  pad  from  the  instrumentation  box. 
(Inverted  field  meter  operation  avoids  problems 
with  motor  bearing  and  Insulator  design  when 
the  sensor  must  be  operated  in  rain.)  Electro¬ 
static  cage  calibrations  provided  the  true 
ambient  electrostatic  field  from  the  field  that 
was  read  at  the  detector  face. 

A  photograph  of  the  field  meter  installation 
on  top  of  the  umbilical  tower  is  shown  in 
Figure  8.  The  field  meter  detec ior  head  is 
positioned  upside  down  20  inches  above  top  of 
the  tower.  The  field  meter  installed  on  the 
umbilical  tower  is  one  of  the  heavy-duty  un<  ts 
doveloped  for  the  Titan  III  onboard  field 
measurements,  and  was  qualified  to  a  160  dB 
acoustic  environment,  and  to  1360  g  peak 
shock  (8).  Electrostatic  cage  calibrations 
indicate  that  the  ambient  electrostatic  field 
at  the  field  meter  location  on  top  of  the 
tower  is  27  percent  of  the  field  reading  at 
the  meter  face.  Also  the  ambient  field  that 
would  exist  at  ground  level  is  12  percent  of  the 
ambient  field  at  the  top  of  the  tower  at  the 
lield  mete.1  location.  Thus,  to  obtain  true 
tower  top  fields,  field  meter  E  roadings  must 
be  multiplied  by  0.27  while,  to  obtain  the 
true  ground  field,  field  meter  E  readings  must 
bs  multiplied  by  .12  X  .27  =  .032 


FLIGHT  TESTS 

GENERAL  -  Instrumentation  was  carried  on 
two  roeke'  «.  The  first  experiment  was  conducted 
on  Titan  III  C-20  launched  in  early  Spring  of 
1971.  (For  interpreting  the  records,  the  time 
of  solid  rocket  motor,  SRK,  Ignition  was 
0743:01.24  GMT.)  The  second  experiment  was 
conducted  on  Titan  III  C-21  launched  in  Fall 
197).  For  C-21,  SRM  ignition  occurred  at 
0309:05.44  GMT.  A  genera)  Titan  III  mission 
is  described  in  Ref.  14.  Both  vehicles  were 
launched  at  the  Air  Force  Easter  Test  Range 
(AFETR)  on  a  93-degree  flight  azimuth. 

AIRBORNE  DATA  -  Titan  III  C-20  -  A  clear, 
stable  atmosphere  with  no  cloud  formations 
existed  in  the  AFETR  area  at  the  time  of  C-20 
launch.  All  tent  Instruments  worked  both  on 
the  ground  and  in  flight  to  synchronous  orbit 
injection. 

Onboard  instrument  data  for  the  first 
minute  after  launch  are  shown  in  Figure  9..  In 
general,  particle  and  streamer  sensor  activity 
was  very  minimal.  This  is  to  be  expected  in 
view  of  the  clear  weather  conditions  at  the 
at  the  time  of  launch.  In  fact,  the  only 
indications  from  these  two  sensors  in  this 
flight  regime  consist  of  a  few  particle  counts 
(25  -  50  pulses/sec  measured  starting  at 
roughly  20  kft  altitude.)  There  was  no  accom¬ 
panying  indication  of  particle  or  streamer 
current  and  no  change  ,n  vehicle  potent*  fl 
indicating  charge  accumulation  on  the  rocket. 

It  is  not  clear,  therefore,  what  interpretation 
should  be  placed  on  the  burst  of  partcle  eountor 
activity. 

The  field  meter  record  at  the  time  of 
launch  is  far  more  interesting.  In  view  of  *he 
existing  stable  and  clear  meteorological 
conditions  at  launch,  rocket  charging  is  evidently 
caused  by  processes  in  the  ionized  rocket 
exhaust.  It  is  seen  that  the  C-20  vehicle 
begins  charging  netatively  about  2  seconds 
after  SRM  ignition.  The  rocket  potential 
remains  at  approximately  -20  Kv  until  about  8 
seconds  after  lift  off  (at  0“43:09.5)  when 
the  rocket  altitude  is  650  ft.  The  subsequent 
abrupt  increase  in  negative  potential  can  be 
interpreted  to  indicate  that  the  highly  conduc¬ 
tive  portion  of  the  rocket  exhaust  breaks 
contact  with  the  ground  at  650  ft.  This  behavior 
is  consistent  with  the  Apollo  work  of  liman  (15); 
he  has  indicated  that  the  visible  rocket  plume 
(length  approximately  625  ft  at  ground  level) 
is  a  uniformly  good  conductor,  but  that  the 
conductivity  drops  quite  rapidly  with  further 
increasing  distance  along  the  exhaust  trail. 

The  C-20  vehicle  reaches  200  kv  negative 
potential  about  12  seconds  after  SRM  ignition 
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iNFCRWATrGN  OBTAINED  FROK  DRAWING  NO  AW  60-06- 
Si  V  (5)  T«TAM  HI  *“\CK AGE  n- APRIL  1963 


FIGURE  S  GROUND  FIELD  METER  INSTALLATION  ON  TITAN  III  FIRING 
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at  an  altitude  of  1.4  kf t .  The  potential  la 
held  nearly  constant  at  200  kV  for  nearly  5 
seconds.  (Limiting  probably  occurs  as  the 
result  of  corona  discharges  from  vehicle 
extremities.)  Altogether,  the  rocket  potential 
remains  abo''e  50  kV  between  800  and  4000  ft. 

(9  to  20  seconds  after  ignition).  At  these 
altitudes,  the  vehicle  as  viewed  by  camera 
is  trailed  by  an  exhaust  plume  removed  from 
local  exhaust  clouds  generated  in  the  launch 
area.  The  vehicle  returns  to  approximately 
zero  potential  34  seconds  after  launch  at  an 
altitude  of  Z2  kft.  At  this  altitude  the  rocket 
plume  is  not  visible  ir.  the  launch  movies.  This 
behavior  agrees  with  aircraft  experience  where 
engine  charging  current  monotonically  decreases 
as  the  aircraft  climbs. 

It  is  interesting  at  this  time  to  use  the 
rate  of  change  of  rocket  potential  to  estimate 
rocket  engine  charging  current.  From  Figure  9 
we  observe  that,  during  the  period  of  rfpid 
potential  increase,  AV/At  =  -10®  volts/jec. 

From  measurements  made  on  a  scale  mode/  of  the 
Titan  III  C  vehicle  the  self  capacita- ce  0  of 
the  vehicle  is  (1000  pf).  The 
ich  is  given  by 

ich  =  «  AV/At 


cnargiuig-  curr^n; 


-  10"9  X  105  , 


=  -100  pA 


Both  the  polarity  and  magnitude  of  the  charging 
current  are  in  good  agreemen*  with  engine 
charging  currents  observed  *n  large  American 
jot  aircraft  (16),  These  currants  were  in  the 
range  100  -  200  pA  for  ''fry"  take  offs,  and 
increased  by  a  factor  o  3  to  5  during  water 
injection.  In  a  aerie*  of  tests  on  17  small 
solid-fuel  motors,  Brslng  measured  charging 
currents  in  connect' or.  with  its  Minuteman 
program  (17).  The  jotors  were  in  the  200-to-500 
pound  thrust  range.  The  charging  currents 
varied  from  leap  than  0.1  microamperes  for  the 
200-pound- thruct-motors,  to  sligntly  over  2 
microamperes  (or  the  500-pound  motors.  The 
motors  apparently  charged  to  a  negative  polarity. 
Although  i‘-  la  net  clear  how  one  should  scale 
data  from  200-500  pound  rocket  to  apply  to  a 
Titan  II.<  C  with  a  thrust  of  1.2  x  10®  pounds, 
at  leaa't  the  polarities  ajo  in  agreement,  and 
the  small  rocket  motor  current  is  substantially 
smal'’  er. 

The  principal  period  of  particlo  counter 
activity  during  the  launch  of  Titan  III  C-20 
iv  shown  in  Figure  10.  Hero  occasional  bursts 
of  counting  50  pps  occurred  at  random  times. 
There  was  no  corresponding  indication  of  either 


particle  current  or  streamer  current.  A 
single  streamer  pulse  is  indicated  at  0744:46.4. 
Interestingly,  this  is  the  altitude  regime  at 
which  the  computer  anomalies  on  Titans  C-10 
and  C-14  occurred.  (The  altitudes  of  occurrence 
are  shown  in  Figure  10.)  Evidences  of  particle 
impact  at  this  altitude  were  not  expected 
when  the  experiment  was  being  planned  since 
appreciable  particulato  matter  does  not 
usually  occur  at  this  altitude.  Nacreous  clouds 
do  occur  in  tho  range  60-120  kft,  however,  and 
it  is  popslble  that  they  were  present  the 
night  cf  the  launch.  An  effort  is  un  vay  to 
obtain  independent  evidence  for  the  existence 
of  nacreous  clouds  aver  AFETR  tho  night  of  C-20 
launch. 

Evidence  that  the  current  and  field  meter 
systems  were  functioning  at  the  100  kft 
altitude  regime  and  that  the  absence  of  current 
indications  is  not  due  to  instrument  malfunction 
is  given  in  Figure  11  which  shr^B  the  records 
of  these  systems  at  tho  time,  of  solid  rocket 
motor  (SRM)  Jettison.  At  this  time,  two 
rockets  (exhausts  directed  toward  the  Titan  I 
stage)  are  activated  to  move  the  solid,  strap 
on  rockets  away  from  the  main  vehicle.  The 
operation  of  the  Jettijon  rockets  bathos  the 
vehicle  (including  the  transtage)  in  exhaust 
products.  This  exhaust  striking  tho  Langmuir 
Ion  probe  sensors  undoubtedly  generates  the 
charging  currents  which  saturate  both  channels 
pt  both  the  particle  current  and  streamer 
current  systems.  Tho  same  exhaust  products 
imp.  nging  on  the  field  meter  sensor  produce 
tho  noisy  records  shown.  It  must  be  concluded, 
therefore,  that  tho  particle  counts  of  Figure 
10  were  indeed  not  accompanied  by  appreciable 
charging  current. 

In  this  regard,  it  is  interesting  to 
calculate  the  magnitude  of  particle  probo 
charging  current  that  might  be  expected  under 
these  circumstances.  Flight  tost  measurements 
of  particle  impact  charging  madd  on  high  speed 
Jot  aircraft  indicate  that,  following  impact, 
atmospheric  ice  crystals  acquire  charges  of 
up  to  50  pr  Caul.  Let  us  assume  thnt  the 
particle^  of  Figure  10  acquired  the  same 
chary*  upon  imoact.  Since  we  have  50  particles 
pe’  second  striking  the  probe  per  second 
depositing  a  charge  of  5  X  10-11  coulombs  per 
Impact,  the  current  arriving  on  tho  probe 
will  be 


i  .  —  50  X  5  X  10-11  coul/sec. 

probe 

=  .0025  pA 

Unfortunately,  the  full  scale  deflection  of 
the  sensitive  particle  and  streamer  current 
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FIGURE  10  ILLUSTRATING  PRINCIPAL  PERIOD  OF  PARTICLE  COUNTER  ACTIVITY 
DURING  LAUNCH  OF  TITAN  III  C-20 


I 


P 


I 


Eft 


96 


114 


ALTITUDE  —  kft 
134 


154 


173 


0.1 


i  0 


-0.1 


1  1  1 
STAGE  1 

I  '  1 

SRM 

START 

JETTISON 

^STREAMER  CURRENT 

<  °n 

a.  _-i  L 


< 

a. 


°c 

-o.i  L 


> 


10 

0 


<  °r 

a._q  L 


-10  “ 


300  ~ 
0 


CN 

P 


10 


> 

.4  *  -300 


-10 


-4 


CN 


3  x  10 


r3  i— 


5 

< 


-3  x  10 


-3 


0744:40 


0744:50 


XT  STREAMER  CURRENT 
TJ  PARTICLE  CURRENT 
i r  PARTICLE  CURRENT 


ELECTRIC  FIELD 


ELECTRIC  FIELD 


ION  CURRENT 


ION  CURRENT 


_L 


_L 


0745:00 
TIME,  GMT 


0745:10 


0745:20 


TA-8428-19 

FIGURE  11  MEASUREMENTS  DURING  FIRST  STAGING  OF  TITAN  III  C-20 


channels  is  0.1  pA  so  that  a  current  of  0.0025 
t±A  is  right  at  the  liait  of  detectability  of 
the  current  measuring  system.  Accordingly,  it 
is  not  surprising  that  there  is  no  indication 
of  charging  current  accompanying  the  evidences 
of  particle  impact. 

Beforo  leaving  the  question  of  tno  encounter 
with  particles  at  100  kft  altitude,  it  is  inter¬ 
esting  to  invore  a  further  test.  Experiments 
involving  the  f  ing  of  5/32-in-diam.  steel 
balls  through  clouds  of  ice  crystals  and  dust 
Indicate  that  charging  by  impact  with  the  ice 
crystals  was  zero  at  velocities  3500  ft/sec  and 
above,  while  impact  with  dust  particles  produces 
charging  to  velocities  of  4000  -  5000  ft/sec 
depending  upon  the  type  of  dust  (19).  The 
velocity  profile  shown  In  the  lower  portion  of 
Figure  10  Indicates  that,  at  this  time,  the 
rockot  velocity  is  in  the  regime  whore  particle 
impact  charging  is  marginally  possible.  (It  is 
not  clear  that  the  data  obtained  with  5/32-in- 
diam.  balls  at  sea  level  should  be  applied  on  «. 
one-to-one  basis  to  a  10-ft-diam.  rocket  at 
high  altitude.  Thus  it  is  conceivable  that 
charging  could  persist  to  the  velocities  shown 
in  Figure  10.)  It  appears,  therefore,  that 
the  evidence  of  particle  Impact  of  Figure  10 
must  bo  accepted  as  real. 

Titan  III  C-21  -  At  the  time  <•!  C-21 
launch,  rain  of  varying  intensity  was  falling 
on  the  launch  pad,  and  heavy  cloud  formations 
existed  at  high  altitudes  (e.g.,  10  to  40  kft). 
Again  all  instrumentation  worked  both  on  the 
ground  and  in  flight  to  synchronous  orbit 
injection. 

Data  generrted  by  onboard  instruments 
during  tne  first  minute  after  C-21  launch  are 
shown  In  Figure  12.  This  record  obviously 
shows  far  more  activity  :h an  the  C-20  data  in 
Figure  9.  Inspecting  the  rocket  potential  record 
in  Figure  12  we  see  that  in  the  first  two  seconds 
after  Ignition,  the  field  meter  indicated  a 
field  change  corresponding  to  a  positive  poten¬ 
tial  of  5C  kV  on  the  rocket.  It  is  not  clear 
what  physical  explanation  should  bo  offered  for 
this  initial  positive  potential  excursion.  The 
rockot  has  barely  moved  from  the  pad  so  that 
the  plume  is  certainly  in  gold  contact  with  the 
ground  so  that,  based  on  the  C-?0  experience, 
one  would  expect  tne  .  ''cket  potontial  to  be 
low.  Seeking  some  transitory  charging  process 
involving  the  rain  does  not  seem  promising 
because  the  field  motor  was  exposed  to  the  rain 
and  its  reading  was  steady  until  SRM  ignition. 

Following  the  Initial  pceitivo  excursion, 
the  potential  assumed  a  low  negative  value  and 
remained  there  until  0309:14  when  the  rocket 
reached  650  ft  altitude.  Ai  this  time  the 
potential  rapidly  increased  to  a  maximum  value 


of  -100  kV.  This  rapid  potential  change 
again  suggosts  that  the  conductive  plume  breaks 
contact  with  the  ground  when  the  rocket  reaches 
650  ft.  The  rate  of  potential  Increase  is 
AV/At  =  -5.5xl04  volt.i/sec.  This  corresponds 
to  a  charging  cur.-ent  of  ichg  •  5.5xl04  (10-9) 

=  55  pA  which  is  roughly  half  the  rocket  motor 
charging  current  observed  during  the  launch  of 
C-20.  After  reaching  -100  kV,  the  rocket 
potential  gradually  decrease:!  and  remained 
within  the  rasigo  i  15  kV  for  the  rest  of  the 
flight  through  the  atmosphere. 

Both  the  particle  and  streamer  current 
channels  indicate  that  negative  charge  is 
arriving  on  the  sensor  immediately  after  SUM 
ignition.  It  is  very  likely  that  these  sensor 
currents  do  not  roprosent  actual  charge  arriving 
on  the  vehicle,  but  rather  are  electrochemical 
currents  flowing  in  each  probe  system  because 
the  probos  are  wet  from  the  rain.  (The  probes 
were  uncovered  pner  to  launch.)  Although  ihc 
sensors  were  made  entirely  of  stainless  stool, 
there  is  of ton  sufficient  difference  in  the 
metals  that  baite'-v  action  cun  occur,  'ra*3 
effect  was  often  obrerved  ->n  aircraft  flights 
through  rain  whore  it  was  found  v..;*  the 
current  would  gradually  go  to  zero  after  t..r 
aircraft  loft  the  rain  cloud  and  the  probe 
dried. 

True  charging  by  precipitation  begins 
unequivocally  at  0309:36  at  an  altitude  of  10 
kft  when  the  particle  counter  first  indicates 
particle  impacts.  Particle  counting  and 
particle  current  persist  until  0310:00  when 
the  rocke'  reaches  32  kft  altitude.  The  data 
Indicate  that  negative  charge  is  arriving  on 
the  rocket.  This  is  in  agreement  with  the 
charging  polarity  obsorved  during  aircraft 
flight  in  precipitation. 

Further  comparisons  with  aircraft  flight 
test  results  will  bo  interesting.  For  example, 
at  0309:45  when  the  particle  current  is  maximum 
ip  =  0.8^  A,  the  particle  count  N  is  6  x  103 
particles/sec  and  the  rocket  velocity  v  is 
roughly  1000  ft/sec  =  305  m/sac.  Since  the 
particle  probe  area  is  A  =  100  cm2  0.1  ft2, 
this  means  that  the  frontal  charging  rate  i/A 
=  0. 8/0.1  =  3  pA/ft2.  This  value  is  in  excel¬ 
lent  agreement  with  aircraft  flight  test 
experience  (18)  which  indicates  peak  frontal 
charging  of  5  to  10  pA/ft  2  in  cirrus  and  30 
AA/ft2  in  frontal  snow. 

The  par*-l,,.te  density  p  in  the  cloud  can 
be  found  from 


6  x  IQ3 
.01(305) 
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3  m 

=  2  x  10  particles/it“ 

Aircraft  flight  tost  experience  (18)  Indicates 
that  typical  maximum  particle  concentrations 
are,  for  cirrus  type  clouds,  2  x  104  particles/ 
m3  and  for  a  thunderhead  6  x  104  particles/n3. 
Thus,  the  Titan  partlclo  density  data  are  an 
order  of  magnitude  below  the  maximum  values 
measured  in  the  aircraft  flight  test  programs. 

The  charge  qp  acquired  by  each  impinging 
particle  can  bo  found  simply  by  dividing  the 
particle  current  by  the  particle  count 


Normally  charges  of  the  order  of  10  coul 
are  measured  during  aircraft  flight  tests.  This 
probably  means  that  not  all  of  the  particles 
striking  the  probe  were  counted,  so  that  the 

actual  particle  concentration  in  the  clouds 

4  ° 

was  most  likely  of  the  order  of  10  particles/m''. 

The  streamer  study  instrumentation  also 
generated  Interesting  data  during  the  period 
of  maximum  precipitation  charging.  It  should  be 
noted  that  streamer  counting  does  not  start 
until  0309:45  almost  10  sec  after  the  onset  of 
particle  counting.  This  is  reasonable  because 
the  plastic  surface  takes  time  to  become  charged 
before  streamer  discharges  can  occur.  It  is 
also  interesting  that  the  streamc-  current  is 
not  steady,  but  there  .'e  bursts  of  current 
corresponding  to  bursts  of  streamer  occurrence. 
The  charge  qs  transferred  per  streamer  discharge 
can  be  estimated  from  the  streamer  current  lg 
and  the  streamer  count  N„  from  the  relation 
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1 

s 
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For  the  period  of  maximum  streamer  current  at 
0309:45,  we  find  is  =  2  x  10'8  amp  and  N  =  20 
so  that 

2  x  10~8 
qs  =  20 

,  -9 

=  10  coul. 

This  result  is  in  perfect  agreement  with  the 
results  of  ground  and  flight  test  studies  of 
streamer  processes,  where  it  was  found  that  the 
charge  transferred  per  streamer  was  1-3.5  x  10"® 


coul. 

Although  many  aspects  of  the  Titan  II  C  21 
electrostatic  behavior  have  been  similar  to 
that  observed  on  large  Jet.  aircraft  there  are 
important  differences.  Figure  13  shows  plots 
of  the  potential  of  the  Titan  III  C-20  and 
C-21  together  with  a  typical  record  of  the 
potential  of  a  707  aircraft  during  take  off. 

In  the  case  of  the  707,  engine  charging  causes 
the  potential  to  rise  to  100  to  150  kV  (depending 
on  whether  water  injection  or  dry  engine  opera¬ 
tion  is  being  used)  immediately  when  the  wheels 
leave  the  ground.  In  the  case  of  the  Titan 
III — C ,  the  conductivity  of  the  exhaust  plume 
in  contact  with  the  ground  holds  the  potential 
down  until  at  an  altitude  of  650  ft  contact 
is  broken.  Then  the  potential  rises  to  hundreds 
of  kV. 

As  the  707  climbs,  in  clear  weather,  its 
potential  gradually  decreases  monotonlcally  to 
zero.  If  the  707  encounters  precipitation,  its 
potential  rises  to  hundreds  of  kV  (the  precise 
value  depends  on  the  Hjnsity  and  typo  cf  cloud). 
The  potential  of  Titan  III-C,  also  decreases 
to  zero  as  the  rocket  climbs.  However,  the 
Titan  potential  is  only  slightly  affected  by 
an  encounter  with  precipitation.  For  example, 
in  Figure  12  at  time  0309:45  wo  Bhowou  that 
the  frontal  charging  current  is  8  aA/ft  .  (At 
this  charging  rate,  the  707  potential  would 
reach  150  kV) ,  This  Insensitivity  of  rocket 
potential  to  charging  undoubtedly  stems  from 
the  high  conductivity  of  the  high  temperature 
rocket  plume.  Similar  behavior  is  observed 
on  fightor  aircraft  equipped  with  afterburners. 
For  example,  in  flight  tests  on  an  F-4  at 
Eglin  AFB  ,  it  was  observed  that  operating  the 
afterburner  on  take  off  increased  the  engine 
charging  thereby  increasing  the  aircraft 
potential.  On  the  other  hand,  if  the  aircraft 
was  at  operational  altitudo,  the  activation 
of  the  nf terburners  served  to  help  discharge 
the  aircraft  and  reduce  its  potential. 

Although  there  was  additional  activity 
observed  on  certain  of  the  electrostatic 
study  instruments  up  to  altitudes  of  several 
hundred  kft,  its  significance  is  not  clear  yet, 
and  will  not  ba  duscussed  here. 

GROUSE  DATA  -  Titan  III  0-20  -  Data 
generated  by  the  ground  instrumentation  array 
during  tho  launch  of  Titan  III  C-20  a”e  shown 
in  Figure  14.  The  launch  tower  field  meter 
records  (shown  to  tho  time  the  motors  reached 
the  top  of  the  tower)  can  be  interpreted  to 
Indicate  that  a  negatively  charged  body  passed 
tho  top  of  the  tower.  This  is  in  agreement 
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with  the  onboard  Instrumentation  which  indicated 
that  the  rocket  acquired  negative  charge  at 
liftoff. 

The  flame  trench  field  meter  indicated 
that  negatively  charged  exhaust  products  roached 
the  vicinity  of  the  field  meter  Immediately 
after  SRM  ignition.  Some  consideration  is  in 
order  of  the  fact  that  although  .he  rocket 
charged  negatively  indicating  that  the  exhaust 
g?eos  leaving  the  rocket  were  positively  charged, 
yet  the  flame  trench  effluent  is  negatively 
charged.  The  most  plausible  explanation  is  that 
although  the  exhaust  as  it  leaves  the  rocket 
may  be  slightly  positively  charged,  it  subse¬ 
quently  strikes  the  exhaust  t-ench  wnere  it 
erodes  the  concrete  surface  causing  electri¬ 
fication  to  occur.  The  exhaust  also  can  pick  up 
charge  by  interacting  with  water  from  the  deluge 
in  the  exhaust  trench.  This  Interaction  with 
material  in  the  trench  evidently  produces 
negative  charging  which  completely  overwhelmes 
the  initial  positive  charge  in  tho  rocket  exhaust. 

The  time  history  of  the  records  at  the 
remaining  ground  field  meter  locations  indicates 
that  the  fields  in  the  vicinity  of  the  launch  pad 
are  generated  by  the  exhaust  clouds  rather  than 
by  charge  on  the  rocket.  For  example,  the  field 
at  site  C  does  not  reach  its  maximum  until  the 
ncket  potential  shown  at  the  bottom  of  Figure 
14  for  reference  hat  reached  zero.  Also, 
calculations  not  presented  here  indicate  that 
the  magnitude  of  the  measured  charge  on  the 
rocket  is  inconsistent  with  the  observed  ground 
fields. 

Titan  III  C-21  -  The  ground  data  from 
Titan  III  C-21  are  shown  in  Figure  15.  Their 
beha\ior  is  similar  to  that  observed  for  C-20. 
Again  the  launch  tower  field  meter  record  is 
consistent  with  a  negatively-charged  body 
moving  by.  The  behavior  of  the  rest  of  the  field 
metors  indicates  that  again  the  exhaust  clouds 
were  negatively  charged.  The  fields  associated 
with  the  launch  of  C-21  are  roughly  half  those 
observed  on  C-2C.  Again  the  time  history  of 
the  ground  records  agrees  that  they  were  not 
generated  by  charge  on  the  rocket  vehicle  since 
the  field  at  site  B,  for  example,  reaches  its 
peak  considerably  after  the  rocket  potential 
has  peaked. 

Apollo  14  (for  comparison)  -  For  comparison, 
the  results  of  SRI  ground  fl~ld  measurements 
reproduced  from  Ref.  9  are  shown  in  Figure  16, 

The  field  meter  arrangement  was  similar  to  that 
employed  for  the  Titan  experiments  and  is  pre¬ 
sented  in  Ref.  9,  but  will  not  bo  discussed  horo. 
Tho  launch  tower  field  meter  indicates  a  positive 
field  change  accompanying  lift  off  indicating 
that  the  engines  charged  the  Apollo  14  vehicle 
positively.  (It  will  be  recalled  that  both 


Titans  chargod  negatively.)  At  tho  time  the 
engines  reach  the  fiel.t  meter,  the  measured 
field  magnitude  indicates  that  the  rocket 
potential  is  less  than  6000  V.  This  result 
is  in  good  agreement  with  the  Titan  experiments 
in  which  it  was  argued  that  the  rocket  potential 
remained  relatively  low  until  the  rocket  plume 
broke  contact  with  the  ground. 

On  the  remaining  ground  field  meters  the 
field  changes  were  in  tho  positive  direction 
indicating  that  predominantly  positive  exhaust 
clouds  were  generated  by  the  launch,  whereas, 
negatively  charged  clouds  were  observed  in  the 
Titan  experiments.  There  is  evidence  in  the 
Apollo  ground  data  for  the  existence  of  differ¬ 
ent  charge  polarities  in  different  parts  of 
the  cloud.  Thus  it  is  not  surprising  that 
differert  gross  effects  were  observed  on  the 
two  vehicles  since  both  polarities  of  charging 
undoubtedly  occur  on  both  launches,  and  the 
gross  fields  are  determined  by  which  process 
dominates. 

CONCLUSIONS 

The  Titan  III  experiments  generated  a 
variety  of  significant  results.  Of  great 
interest  is  the  fact  that  the  rocket  appears 
to  be  connected  to  earth  until  it  reaches  an 
altitude  of  650  feet.  This  means  that  the 
rocket  is  trailed  by  a  highly  conducting  plume 
650  ft  long.  The  presence  of  this  plume  is 
significant  in  many  situations  (for  example, 
in  making  determinations  of  the  likelihood  of 
lightning  strikes  to  the  rocket). 

the  experiments  indicate  that,  in  the 
early  stages  of  the  launch,  the  rocket  motors 
charge  the  vehicle  to  potentials  of  hundreds  of 
kilovolts.  Accordingly,  corona  discharges  can 
be  expected  from  prominent  protrusions  from 
the  vehicle. 

At  higher  altitudes,  the  rockot  motors 
serve  to  discharge  the  vehicle  so  that  high 
vehicle  potentials  and  corona  discharges  do 
not  occur  during  flight  through  precipitation. 

Precipitation  charging  of  the  frontal 
surfaces  does  occur  as  in  the  case  of  aircraft,. 
The  charging  rates  measured  on  tho  Titan  are 
in  good  agreement  with  aircraft  data.  Evidences 
of  frictional  charging  by  particles  were 
prosent  to  altitudes  of  100  kft  (where  nacreous 
clouds  occur) . 

Streamer  discharges  on  dielectric  frontal 
surfaces  of  tho  Titan  were  shown  to  occur.  Tho 
characteristics  of  these  discharges  appear  to 
be  in  good  agreement  with  aircraft  experience. 
(It  should  be  noted  that  the  frontal  charging 
and  the  resulting  streamers  occur  in  spite  of 
the  fact  that  tho  vehicle  as  a  whole  is  at  low 
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FIGURE  15  GROUND  INSTRUMENTATION  DATA  FROM  TITAN  III  C-21  LAUNCH 


potential  as  the  result  of  the  rocket  motor 
discharging) . 

Finally,  the  experiments  indicate  that  the 
electric  fields  in  the  vicinity  of  the  launch 
pad  are  so  dominated  by  the  charged  clouds 
associated  with  the  launch  that  relying  solely 
on  ground  field  measurements  to  infer  tho 
rocket's  behavior  is  not  likely  to  bt  fruitful. 

Tho  general  conclusion  from  these  experi¬ 
ments  is  that  static  electrification  by  large 
rockets  does  indeed  occur,  but  that  it  differs 
in  detail  iroa  that  observed  on  aircraft.  The 
same  precautions  regarding  precipitation  static 
observed  in  aircraft  design  should  be  applied 
to  rockets,  in  particular,  caro  should  be 
exercised  to  avoid  unbonded  metal  frontal  surfaces 
since  these  will  lead  to  highly  noisy  spark 
discharges  from  the  unbonded  member  to  the 
edjacent  air frame.  If  sensitive  systems  are 
carried  on  the  vehicle,  provisions,  such  as  the 
use  of  conductive  surface  coatings,  should  be 
made  to  eliminate  streaming  on  dielectric 
frontal  surfaces. 
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Reports  ot  electric  sparks  produced  by 
static  charges  on  the  Apollo  space  suit 
prompted  an  investigation  of  static  electric¬ 
ity  ignition  hazards  and  communications  inter- 
f'  renees  in  the  Apollo  spacecraft.  The  pro¬ 
duction  of  static  electricity  by  contact  of  a 
sp.ace-suited  man  with  the  spacecraft  was  stud¬ 
ied  by  rubbing  the  space-suited  man  with  var¬ 
ious  materials  and  by  measuring  the  voltage 
produced.  Approximately  2  milli- joules  of 
electric  energy  were  accumulated  by  the  space- 
suited  man;  this  amount  is  sufficient  to  ig¬ 
nite  combustible  gas  vapors  and  mists.  Static 
electricity  ignition  tests  conducted  on  solid 
combustibles  (logbook  paper  and  cotton  fabric) 
in  the  spacecraft  showed  that  ignition  of 
these  solid  materials  by  2  millijoules  of 
electric  energy  vas  not  possible. 

Biomedical  sensors  attached  to  the  man's 
body  and  plugged  into  the  spacecraft  electron¬ 
ics'  provide  an  effective  grounding  path  so  tha 
that  no  danger  of  electrostatic  charge  build¬ 
up  exists.  However,  static  electricity  drain¬ 
age  through  the  biomedical  sensors  temporar¬ 
ily  interferes  with  cardiac  measurements. 

This  interference  is  minimised  by  adding  a 
resistor  in  parallel  to  the  ground  circuit. 
Since  no  effective  means  of  charge  buildup 
existed,  and  no  ignitable  materials  existed, 
it  was  concluded  that  ignition  hazards  from 
static  electricity  were  effectively  zero  in 
the  Apollo  spacecraft. 

In  addition  to  the  space  suit,  other 
sources  of  static  electricity  were  studied. 

The  static*  electricity  accumulated  by  the 
Teflon  Velcro  and  the  food  bags  did  not  pre¬ 
sent  a  problem.  However,  the  Teflon-coated 
glass  fiber  cloth  items  (the  constant-wear 
garment,  tool  bags,  sleeping  bags,  and  suit- 
stowage  bags)  became  electrically  charged 
while  in  use.  Storage  lookers  on  the  command 
module  floor  are  subject  >.o  frequent  contact 
with  insulating  materials  (such  as  sleeping 
bags),  and  the  lockers  were  . ourtd  to  accumu¬ 
late  static  electricity  before  they  were 
grounded  to  the  spacecraft  structure.  The 
lithium  hydroxide  •  anistors  in  the  command 
module  accumo.lated  large  static  charges  when 
removed  from  the  storage  lockers.  Grounding 
of  the  canisters  eliminated  this  effect. 

A  survey  of  the  Skylab  spacecraft  to  lo¬ 
cate  sources  of  static  electricity  was  per¬ 
formed.  Ho  hazardous  conditions  were  located. 
Some  minor  Interference  problems  with  elec¬ 
tronic  gear  were  found  and  corrected. 
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INTRODUCTION  During  the  effort  to  remove  all 
flammable  materials  from  the  Apollo  space¬ 
craft,  combustible  fabrics  were  replaced, 
whenever  possible,  with  noncombustible  glass 
fiber  cloth.  Following  the  replacement,  pre¬ 
viously  unnoted  static  electricity  effects  oc¬ 
curred.  For  exanple,  sparks  were  discharged 
during  removal  of  equipment  from  the  space¬ 
craft  wall,  donning  of  suits,  and  installa¬ 
tion  of  a  glass-fiber- cloth-covered  umbilical 
cable,  which  had  previously  been  dragged 
across  the  command  module  (CM)  floor. 

These  incidents  of  static  electricity 
in  the  Apollo  spacecraft  prompted  an  investi¬ 
gation,  since  for  several  reasons,  static 
electricity  sparks  are  considered  hazardous. 
(References  1,  2,  3>  and  h; 

The  most  obvious  reason  is  the  danger  of  a 
spark  igniting  combustible  material  in  the 
spacecraft.  Other  hazardous  effects  of  static 
electricity  sparks  are  interference  with  com¬ 
munications  or  telemetered  data  and  the  In¬ 
voluntary  reflex  movements  associated  with  dis¬ 
charge  of  a  spark  from  a  body.  The-  objective 
of  this  investigation  was  t'  evaluate  the 
static  electricity  ignition  hazards  resulting 
from  electrostatic  charges.  This  evaluation 
was  accomplished  by  comparing  the  amount  of 
electrical  energy  that  was  accumulated  with 
the  amount  of  energy  required  to  ignite  flam¬ 
mable  materials  in  the  spacecraft. 

•Static  electricity  accumulation  by  the 
space-suited  man  was  tie  major  concern  in  the 
investigation  of  static  electricity  in  the 
Apollo  spacecraft.  However,  the  entire  space¬ 
craft  was  surveyed  to  locate  and  evaluate 
other  sources  of  electric  charges.  Static 
electricity  interferences  with  communications 
and  instrument  readings  were  also  studied. 
Sufficient  spark  ignition  data  for  evaluation 
of  the  static  electricity  ignition  hazard  were 
not  available;  therefore,  measurements  were 
made  of  minimum  spark  ignition  energy  for 
typical  flammable  materials  in  the  spacecraft. 

MINIMUM  IGNITION  ENERGY 

The  minimum  ignition  energy  (MIE)  has  been 
extensively  investigated  for  many  combustible 
mixtures.  For  gaseous  mixtures,  the  MIE  is  a 
definite  quantity  which  depends  on  the  type 
of  fuel,  on  fuel  concentration,  and  to  a  les¬ 
ser  extent,  on  the  electrode  configuration. 

Representative  values  for  gaseous  mix¬ 
tures  are  as  follows  (refs.  1  and  2):  cov 
hydrocarbon-air  mixtures  at  1  atmosphere,  Mm 
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values  are  in  the  range  of  0.2  to  0.4  milli- 
joule  of  spark  energy.  In  a  hydrocarbor.-pure 
oxygen  mixture  at  1  atmosphere,  MIE  values 
range  from  0,002  to  0.004  milli Joule  of  spark 
energy.  Lowering  the  pressure  from  1  atmos¬ 
phere  to  one-third  atmosphere  increases  the 
MIE  so  that  hydrocarbon-oxygen  mixtures  at 
one-third  atmosphere  have  MIE  values  ranging 
from  0.02  to  0.04  millijoule  of  spark  energy. 
(The  Apollo  spacecraft  cabin  atmosphere  is 
pure  oxygen  at  one- third  atmosphere.)  Hydro¬ 
gen  is  the  most  easily  ignited  fuel,  with  MIE 
values  10  times  less  than  the  MIE  values  for 
hydrocarbons. 

The  energy  required  to  ignite  gas  vapors 
or  mists  is  not  well  defined  because  the  spark 
energy  must  be  divided  in  two  parts;  one  part 
is  used  to  evaporate  the  liquid  fuel,  and  the 
other  part  is  used  to  ignite  the  gaseous  com¬ 
bustible  mixture  resulting  from  the  evapo¬ 
ration.  Generally,  approximately  1  millijoule 
of  spark  energy  is  required  for  the  ignition 
of  fuel  droplets  in  air  (ref.  l).  Fuel  drop¬ 
lets  in  oxygen  are  expected  to  require  less 
energy  for  ignition.  The  decrease  is  not  ex¬ 
pected  to  be  a  large  one  because  much  of  the 
spark  energy  is  used  for  fuel  evaporation. 
Approximately  the  same  amount  of  fuel  must  be 
evaporated  in  both  air  and  oxygen  because  sub¬ 
stitution  of  oxygen  for  air  does  not  have  a 
large  effect  on.  the  lean  flammability  limit. 

The  energy  required  to  ignite  dusts  or 
fibrous  materials  is  poorly  defined.  A  con¬ 
siderable  amount  of  energy  is  required  in  or¬ 
der  to  vaporize  a  solid  before  ignition; 
therefore,  10  raillijoules  has  been  given  (ref. 
1)  as  an  approximate  energy  requirement  for 
ignition.  Substitution  of  oxygen  for  air  is 
expected  to  have  little  effect  on  this  value. 
Because  the  MIE  for  solid  materials  is  vari¬ 
able,  measurement  of  the  MIE  for  typical  solid 
flammable  materials  present  in  the  Apollo 
spacecraft  was  desirable. 

MINIMUM  IGNITION  ENERGY  FOR  SOLID  COMBUS¬ 
TIBLES  IN  THE  APOLIO  SPACECRAFT 

The  Apollo  spacecraft  was  surveyed  for  the 
presence  of  flammable  materials  on  March  1, 
1968.  Logbook  paper  and  cotton  underwear  were 
identified  as  the  only  easily  flammable  mate¬ 
rials  that  would  exist  in  the  flight-qualified 
spacecraft.  By  passing  capacitor  sparks  of 
known  energy  through  the  logbook  paper  and 
cotton  underwear,  their  ignition  characteris¬ 
tics  were  measured. 

The  spark  ignition  apparatus  used  for  meas¬ 
uring  the  ignition  characteristics  of  the  log¬ 
book  paper  and  cotton  underwear  is  shown 
schematically  in  figure  1.  The  cloth  or  paper 
sample  being  tested  was  clamped  locsely  to  a 
,1- inch-diameter  copper  disk  electrode,  which 
was  electrically  grounded  to  the  metal  cham¬ 
ber  wall.  A  sharply  pointed  steel  electrode 
wa3  placed  approximately  0.5  centimeter  from 
the  disk  electrode,  The  pointed  steel  elec¬ 
trode  passed  from  the  chamber  through  a  win¬ 
dow,  from  which  ignition  was  observed.  The 


spark  generator  was  calibrated  by  discharging 
sparks  through  a  100-megohm  high-voltage  re¬ 
sistor.  Voltage  across  the  resistor  was  mea¬ 
sured  as  a  function  of  time  with  an  oscillo¬ 
scope.  The  effective  capacitance  C  of  the  cir¬ 
cuit  was  calculated  from  the  rate  of  decay  of 
voltage  across  the  100-megohm  resistor,  and  the 
actual  voltage  V  available  was  considered  to 
be  the  initial  peak  voltage.  The  spark  energy 
F  was  calculated  from  the  relation  E  =  0.5C V^. 


Figure  I.  -  Schematic  diagram  of  spark 
ignition  test  chamber. 


Measurement  of  the  ignition-  characteris¬ 
tics  of  logbook  paper  and  cotton  underwear 
showed  no  defined  ignition  limit  and  the  ig¬ 
nition  appeared  to  be  statistical.  The  fol¬ 
lowing  procedure  was  used  to  measure  the  ig¬ 
nition  characteristics  of  the  two  materials. 
The  spark  generator  vrr  adjusted  to  give  a 
spark  of  moderate  energy.  The  spark  was  re¬ 
peated  until  an  ignition  occurred  or  until  20 
sparks  bad  passed.  If  ignition  occurred,  the 
sparks  energy  was  decreased,  and  the  procedure 
was  repeated.  If  20  sparks  were  passed  with¬ 
out  an  ignition,  the  spark  energy  was  increas¬ 
ed,  and  the  procedure  was  repeated.  Prior  to 
installation  in  the  test  chamber,  the  samples 
of  cloth  and  paper  were  rubbed  with  sandpaper 
to  generate  as  much  lint  as  possible.  Prior 
to  starting  the  spark  tests,  the  test  chamber 
were  evacuated  to  a  pressure  of  less  than  10 
microns  with  the  cloth  or  paper  sample  in 
place  to  remove  all  traces  of  moisture  from 
the  material.  During  the  spark  tests,  a  mod¬ 
erate  flow  of  the  tert  atmosphere  was  main¬ 
tained  throughout  the  chamber.  For  most  of 
the  tests,  the  disk  electrode  nnd  pointed 
steel  spark  electrode  were  maintained  approx¬ 
imately  5  millimeters  apart.  The  distance 
between  the  two  electrodes  was  varied  in  one 
series  of  tests  with  n-  apparent  effect  on 
the  results. 

The  results  of  the  spark  tests  on  the  log- 
vork  paper  are  shown  in  table  I,  and  the  re¬ 
sults  of  the  test  on  the  cotton  fabric  are 
shown  in  table  II. 
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TABLE  H.  -  SPARK  IGNITION  OF  COTTON  CLOTI? 


Spark  energy,  mJ 

Number  of  sparks 

Results 

16. 5  psla  oxygen,  Feb.  29,  1968 

12 

26 

No  ignition 

20 

21 

1  ignition 

26 

28 

No  ignition 

32 

14 

No  ignition 

41 

21 

No  ignition 

52 

21 

No  ignition 

74 

0 

1  ignition 

16.  5  psia  oxygen,  Mar.  6,  1968 

9 

8 

1  ignition 

12 

6 

1  ignition 

20 

16 

2  ignitions 

The  ignition  of  the  logbook  paper  in  a 
l6.5-psia,  100-perccnt-oxygen  atmosphere  was 
difficult.  No  ignitions  occurred  until  120- 
milli joule  sparks  were  used.  The  sparks  were 
observed  to  puncture  the  paper  at  all  ener¬ 
gies.  To  prevent  a  spark  from  passing 
through  the  hole  made  by  the  previous  spark, 
the  pointed  electrode  was  moved  after  each 
spark. 

The  cotton  fabric  sample  was  ignited  by 
sparks  with  energies  as  low  as  9  milli joules 
in  one  test  series,  while  20  millijovles  of 
spark  energy  were  required  in  order  to  ignite 
the  fabric  in  another  test  series.  Change  of 
the  atmosphere  from  l6.5-psia  pure  oxygen  to 
a  l6.5-psia,  60-percent-oxygen,  hO-percent- 
nitrogen  mixture  had  little  effect.  Use  of 
only  9  millijoules  of  spark  energy  yielded 
ignition  in  both  atmospheres.  However,  a 
change  of  pressure  from  16.5  to  6.2  psia  in 
the  pure-oxygen  atmosphere  '.lad  a  pronounced 
effect.  At  the  lower  pressure,  no  ignition 
occurred  up  to  energies  of  170  millijoules. 
Higher  energies  were  not  available  from  the 
spark  generator. 

CAPACITANCE  MEASUREMENTS 

The  objective  of  capacitance  measure¬ 
ments  is  to  determine  where  significant 
amounts  of  static  electricity  might  accu¬ 
mulate  on  a  space-suited  man.  To  accomplish 
this  objective,  capacitance  relative  to  the 
electrical  ground  was  measured  at  different 
points.  The  results  show  (table  III)  that 
the  most  important  point  for  charge  accumula¬ 
tion  is  the  body  of  -he  man  inside  the  space 
suit.  The  observed  body  capacitance  values 
of  approximately  200  micros,!  jrofarads  are 
similar  to  values  reported  in  reference  1. 


STATIC  ELECTRIFICATION  OF  SPACE  SUITS 

The  inner  lining  of  the  space  suit  con¬ 
tains  several  alternating  layers  of  metal¬ 
lized  plastic.  The  capacitance  of  these  lay¬ 
ers  relative  to  one  another  is  large,  but  the 
capacitance  of  the  layers  relative  t  the 
electrical  ground  appears  to  be  negligible. 
Contact  with  the  metallized  plastic  layers 
was  made  by  inserting  a  pin  through  the  ma¬ 
terial  on  the  back  flap  of  the  space  suit. 

The  result  was  surprising,  because  the  capac¬ 
itance  of  the  metallized  plastic  layers  re¬ 
lative  to  the  electrical  ground  was  expected 
to  be  at  least  as  large  as  the  body  capac¬ 
itance.  A  possible  explanation  is  that  the 
various  pieces  of  metallized  plastic  sewn  to¬ 
gether  to  make  the  inner  lining  are  not  in 
electrical  contact  vith  one  another. 

VOLTAGE  MEASUREMENTS 

The  electrostatic  voltages,  generated  by 
contact  of  the  space  suit  with  various  mate¬ 
rials,  were  measured  with  an  electrostatic 
voltmeter.  To  achieve  electrical  isolation 
for  these  tes.ts,  the  space-suited  man  stood 
on  an  insulated  plastic  platform.  Air  hoses, 
communications  links,  and  biomedical  sensors 
were  disconnected.  The  degree  of  electrical 
isolation  for  this  configuration  was  tested  by 
charging  the  space- suited  man  and  measuring 
the  electrostatic  voltage  generated  by  his 
suit  as  a  function  of  time,  the  electro¬ 
static  voltage  remained  constant  over  periods 
of  approximately  5  minutes,  which  indicated 
that  the  elcjtrical  leakage  resistance  was 
more  than  ohms.  Charging  of  the  space- 
suited  man  was  performed  by  a  second  man  oho 
rubbed  the  space  suit  with  sheets  of  various 
materials . 
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TABLE  n.  -  SPARK  IGNITION  OF  COTTON  CLOTH 


Spark  energy,  tr.J 

Number  of  sparks 

Results 

16.  5  psia  oxygen,  Feb.  29,  1968 

12 

26 

No  ignition 

20 

21 

1  ignition 

26 

28 

No  ignition 

32 

14 

No  ignition 

41 

21 

No  ignition 

52 

21 

No  ignition 

74 

5 

1  ignition 

16.  5  psia  oxygen,  Mar.  6,  1968 

9 

8 

1  ignition 

12 

6 

1  ignition 

2C 

16 

2  ignitions 

6. 2  psia  oxygen,  Mar.  6,  1968 

20 

20 

No  ignition 

32 

20 

No  ignition 

47 

20 

No  ignition 

100 

20 

No  ignition 

*30 

20 

No  ignition 

150 

21 

No  ignition 

170 

22 

No  ignition 

16.  5  psia  total  pressure. 

10. 0  psia  oxygen,  6.  5  psia  nitrogen,  Mar.  6,  1968 

9 

10 

1  ignition 

12 

10 

I  ignition 

20 

10 

2  ignitions 

32 

40 

1  ignition 

42 

20 

1  ignition 

52 

12 

1  ignition 

75 

30 

1  ignition 

100 

3 

1  ignition 

In  the  first  test  series,  the  electro¬ 
static  voltage  was  measured  at  different 
points  on  the  space-suited  man  after  rubbing 
his  suit  with  Beta  *tl90B  glass  fiber  cloth. 
The  electrostatic  voltages  measured  at  3° 
percent  relative  humidity  were  as  fellows: 
space-suit  arm,  b.3  kilovolts1  arm  ring,  j.h 
k-’ovolts;  neck  ring,  2-C  Kilovolts;  and  bare 
hand,  2.2  kllovoits.  Repeated  measurements 
of  the  same  locations  showed  that  the  voltage 
differences  that  appeared  to  exist  between 
various  points  on  the  space  suit  are  the  re¬ 
sult  of  the  method  of  measurement.  After  the 
space-suited  man  was  charged  by  rubbing  tus 
suit  with  the  glass  fibei  cloth,  voltage  was 
measured  by  touching  a  lead  from  the  electro¬ 
static  voltmeter  to  the  point  of  measurement . 
"he  voltmeter  lead  was  then  removed  and  the 
voltmeter  was  discharged.  Voltage  ./as  then 
measured  at  a  different  point.  Invariably, 


the  voltage  was  less  in  each  succeeding  meas- 
iirement.  The  decrease  in  voltage  was  par¬ 
tially  caused  by  leakage  of  the  charge  and 
partially  by  the  10-micromicrofarad  capac¬ 
itance  of  the  voltmeter,  which  was  discharged 
following  each  measurement. 

To  Investigate  the  charge  buildup  on  the 
space-suited  man,  the  voltmeter  was  attached 
to  his  hand  before  the  charge  was  generated 
on  the  space  suit.  Voltage  was  observed  as  a 
function  cf  time  after  the  space  suit  was 
charged.  A  qualitative  representation  of  the 
charge  buildup  is  shown  in  figure  2.  An 
initial  rapid  decrease  in  voltage  is  followed 
by  a  small  increase,  which,  in  turn,  is  fol¬ 
lowed  by  a  slower  decrease  to  a  steady  value. 
Tn  the  steady  condition,  the  suit  surface  and 
the  man's  body  are  observed  to  be  at  the  same 
voltage.  Possibly,  the  redistribution  of 


TABLE  III.  -  CAPACITANCE  AT  VARIOUS  POINTS  ON 


STANDING  MEN  WEARING  SPACE  SUITS 


Measuring  point 

Capacitance,  ppF 

Suit  1 

Suit  2 

Hand  (glove  removed) 

200 

185 

Neck  ring  (blue  part) 

1 

1 

Neck  ring  (silver  part) 

36 

26 

Air  exhaust  fitting 

2 

1 

Air  inlet  fitting 

1 

1 

Zipper 

54 

66 

Wrist  ring 

1 

1 

Wrist  ring  gage  clamp 

33 

34 

Pin  through  back  flap  of 
suit  material 

-- 

2 

charges  throughout  the  man/ space-suit  combi¬ 
nation  is  observed  in  this  experiment. 


Figure  2.  -  Voltage  on  the  body  of  space- 
suited  man  as  a  function  of  time  after 
suit  charging. 


A  3'  ,'-nd  test  series  via*,  run  be  determine 
tne  off  tt  wf  nnta  ’  material  cn  the  ele;h>-0- 
stati-  voltage  produced  by  rubbing  tne  sj  a:-e- 
sui*  During  these  cess,  voltages  were  Irv-.-r 
( i*  the  l-kilovcl*  range'  than  vcl’ages  b- 
served  in  the  first  test  series  'in  •h*-  ?*•  te 
U-kiicvolt  range).  Either  the  high  relative 
humidity  ( in  the  50-  to  60-pereer.t  range' 
during  the  se  -ond  test  series  or  tr.e  it r.is  d 
air  from  the  electronic  eqi  i iprr.e n t  i r.  f  r»o  *  *s* 
room  (or  both)  could  have  levered  tne  eiicvolt 
range  during  this  second  test  series.  ?"e  re¬ 


sults  of  his  test  shown  in  table  IV,  demon¬ 
strate  that  the  Beta  !<190B  glass  fiber  cloth 
is  the  most  favorable  static  electricity 
generator  tested,  while  other  materials  yield 
ed  only  approximately  two-thirds  as  much  volt 
age  as  the  Beta  !l190B  glass  fiber  cloth. 

TABLE  IV.  -  STATIC  VOLTAGE 
PRODUCED  ON  SPACE-SU'TED  MAN 
BY  DIFFERENT  MATERIALS 


Material 

Siatic  voltage, 
kV 

Glass  fiber  cloth: 

Beta  4190B 

1.6 

Beta  4484 

.8 

Tellon-coated  glass 

fiber  doth: 

Armalon 

1.0 

Beta  cloth 

.3 

T-162-42  TEF 

1.0 

Other: 

Blue  nylon 

1.0 

Metallized  mylar 

0 
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TABLE  V.  -  EFFECT  OF  RELATIVE 
HUMIDITY  ON 

ELECTROSTATIC  VOLTAGE 


Relative  humidity, 

Maximum  voltage, 

percent 

kV 

69 

2.4 

50 

3.0 

24 

3.9 

The  relative  humidity  has  a  significant 
effect  on  static  electricity  generation  be¬ 
cause  of  the  effect  of  relative  humidity  on 
surface  resistance  as  discussed  in  the  appen¬ 
dix.  During  a  third  test  series,  the  effect 
of  relative  humidity  on  static  electricity 
generation  was  studied.  The  space-suited  man 
was  placed  inside  a  wood  chamber  in  which  the 
humidity  was  controlled.  Electrostatic  char¬ 
ge  was  generated  on  the  space-suited  man  by 
rubbing  the  suit  with  a  Beta  U19OB  glass  fiber 
cloth.  The  electrostatic  voltage  produced  by 
the  Beta  4190B  glass  fiber  cloth  was  measured 
at  the  man's  hand.  The  results  in  table  V 
show  that  the  electrostatic  voltage  increased 
as  the  humidity  decreased.  However,  at  the 
lowest  relative  tumidity  available  (2k  per¬ 
cent),  the  voltage  was  only  3*9  Kilovolts.  A 
value  of  4.3  kilovolts  was  observed  in  an 
earlier  test  made  at  30  percent  relative 
humidity.  At  the  24-percent  relative  hu¬ 
midity  level,  the  test  subject  developed  0,5 
kilovolt  of  static  electricity  standing  3till 
and  3.0  kilovolts  of  static  electricity  by 
shuffling  his  feet. 


EVALUATION  OF  IGNITION  HAZARD  FROM  ELECTRO¬ 
STATIC  CHARGES  ON  A  SPACE  SUIT 

The  maximum  capacitance  in  the  man/ space- 
suit  system  was  found  to  be  equal  to  the  capac¬ 
itance  of  the  man's  body,  which  is  approxi¬ 
mately  200  micromicrofarads.  The  maximum 
voltage  observed  under  a  wide  range  of  condi¬ 
tions  was  4.3  kilovolts.  Therefore,  the  maxi¬ 
mum  electrical  energy  stored  in  the  man's  body 
was  0.5  ( 200x10“ ^-2)  (4.3x10°)  ,  or  approxi¬ 

mately  2  millijoules.  Ignition  of  combusti¬ 
bles  in  the  spacecraft  require  the  following 
minimum  amounts  of  energy.'  Ignition  of  gas 
vapors  requires  approximately  0.02  millijoule 
(at  0.33  atmosphere  of  pure  oxygen);  ignition 
of  gaa  mists  requires  approximately  1  milli¬ 
joule;  and  ignition  of  combustible  solids  re¬ 


quires  10  to  100  millijoules.  A  comparison  of 
the  spark  energy  available  with  the  spark 
energy  required  for  ignition  Indicates  that 
electrostatic  energy  sufficient  to  ignite  gas 
vapors  and  mists,  but  not  sufficient  to  ignite 
solids,  can  accumulate  on-  the  space  suit. 

ELIMINATION  OF  ELECTROSTATIC  CHARGES  FROM  THE 
SPACE  SUIT 

Although  the  accumulation  of  electrostatic 
charge  does  not  present  a  hazard  in  the  ab¬ 
sence  of  combustible  gas  vapors  and  mists,  ac- 
C’imulation  of  charges  is  undesirable.  To  make 
charge  accumulation  negligible,  the  body  of  the 
space-suited  man  must  be  electrically  grounded 
to  the  spacecraft  structure.  As  explained  in 
the  appendix  and  verified  by  a  grounding  test, 
even  large  resistances  to  the  electrical  ground 
(as  high  as  10°  ohms)  are  acceptable. 

The  grounding  test  was  performed  in  the 
following  manner.  One  terminal  of  a  100-megohm 
resistor  was  electrically  attached  to  the  body 
of  a  space-suited  man,  while  the  other  ter¬ 
minal  was  kept  free.  The  space-suited  man 
was  then  charged  by  rubbing  his  suit.  After 
the  electrostatic  voltage  became  constant, 
the  free  terminal  of  the  100-megohm  resistor 
was  connected  to  the  electrical  ground.  The 
voltage  dropped  to  zero  in  less  than  1  sec¬ 
ond.  In  a  second  grounding  test,  both  ter¬ 
minals  of  the  100-megohm  resistor  were  con¬ 
nected  simultaneously  (one  to  the  space- suit¬ 
ed  man,  the  other  to  the  electrical  ground), 
and  the  suit  was  rubbed  to  generate  static 
electricity.  No  electrostatic  voltage  was 
measured  on  the  space- suited  man. 

Because  the  biomedical  sensors  are  at¬ 
tached  to  the  space-suited  man’s  body,  the 
sensors  could  possibly  provide  a  grounding 
path.  Earlier  in  the  Apollo  Program,  a  di¬ 
rect  electrical  connection  from  the  astro¬ 
naut1  s  body  to  the  spacecraft  electrical 
ground  had  been  provided,  but  the  connection 
was  removed  to  prevent  possible  electrical 
shocks.  The  circuits  of  the  remaining  bio¬ 
medical  sensors  were  examined  to  see  if  a 
grounding  path  existed.  A  section  of  the 
drawing  of  the  electrocardiogram  (ECG)  as¬ 
sembly  is  illustrated  in  figure  3-  Two  ECG 
sensors  are  attached  to  the  electrical  ground 
circuit  by  two  22-megohm  resistors  wired  in 
parallel.  Thus,  the  ECG  leads  provide  an 
11-megohm  grounding  path  for  static  elec¬ 
tricity  from  the  space-suited  man's  body. 
Grounding  tests  showed  that  a  100 -megohm 
grounding  path  was  sufficient;  therefore,  no 
significant  buildup  of  static  electricity  in 
the  space- suited  man  should  exist  as  long  as 
the  F-CG  leads  are  connected  as  illustrated  in 
figure  3. 
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Figure  3.  •  Schematic  section  of  ECG 
assembly  electrical  circuit  in 
bioharness. 


Since  the  current  flow  from  '  he 
electrostatic  charge  drainage  usually  ranges 
from  10'8  to  10" 9  amperes  and  since 
grounding  red  stance  is  approximately  10  meg¬ 
ohms,  voltages  of  10  to  100  millivolts  will 
appear  on  the  ECG  sensors.  This  /oltage  is 
similar  in  magnitude  to  the  voltages  normally 
measured  by  the  ECG  sensors.  Consequently, 
interference  with  ECG  readings  of  cardiac 
voltages  was  expected.  This  voltage  interfer¬ 
ence  was  verified  during  crew  compartment  fit 
and  function  tests  for  3C  103  on  July  17,1968. 
Two  space-suited  men  were  fitted  with  ECG  sen¬ 
sors  in  the  flight  configuration.  When  one 
masi  rubbed  hi3  arm  across  the  space  suit  of 
the  other  man,  large  temporary  disturbances  in 
the  ECG  readings  were  observed,- 


DISCOVERY  AMD  REMOVAL  OF  STATIC  ELECTRICITY 
HAZARDS  FROM  SOURCES  OTHER  THAU  THE  SPACE- SUIT 

Many  sources  of  static  electricity  other 
than  the  space  suit  exist  in  the  spacecraft. 
The  relative  importance  of  these  sources  can 
be  d*  temined  only  in  operational  tests,  in 
which  men  occupy  the  spacecraft  and  simulate 
the  tasks  to  be  performed  in  flight.  During 
the  simulations,  four  effects  of  static  elec¬ 
tricity  were  observed  by  the  crewmen;  three  of 
which  were  considered  potentially  hazardous. 
The  spacecraft  was  modified  to  eliminate  each 
hazard . 

The  first  effect  of  static  electricity 
occurred  when  the  surface  of  the  space-suit 
glove  was  charged  by  handling  various  objects. 
When  the  charged  glove  touched  the  face  of  a 
CM  gage,  the  gage  reading  was  a.  tered  by  the 
electrostatic  charge.  However,  this  electro¬ 
static  charge  effect  presented  no  hazard  and 
was  disregarded. 


The  first  electrostatic  effect  considered 
to  be  hazardous  was  produced  by  the  plastic 
couch  cover.  Voltages  up  to  10,000  volts  were 
observed  on  the  couch  cover  after  use  of  the 
couch  by  the  crewmen.  Furthermore,  the  voltage 
appeared  to  leak  off 

the  couch  cover  very  slowly.  While  there  was 
no  danger  cf  sparks  directly  from  the  couch 
cover  (because  of  its  insulating  nature),  a 
real  danger  of  induced  voltages  in  conducting 
objects  such  as  apace-suited  men  and  tools  that 
moved  into  the  vicinity  of  the  charged  couch 
cover  existed.  Such  induced  voltages  in  con¬ 
ducting  objects  could  produce  dangerous  sparks. 
The  effects  of  these  induced  voltages  were 
noted  by  crewmen  who  observed  their  body  hair 
standing  up  when  they  lay  on  the  couch. 

Twc  methods  were  studied  to  eliminate  the 
electrostatic  charge  generated  by  the  couch 
cover.  First,  commercial  antistatic  coatings 
were  applied  to  the  couch  cover  material.  This 
method  proved  ineffective  because  the  coatings 
would  not  stick  to  the  Teflon-coated  material. 

A  second  method  was  to  shorten  the  electrical 
path  to  the  spacecraft  electrical  ground  to 
increase  the  rate  of  electrical  discharge  of 
the  couch  cover  material.  Elimination  of  the 
electrostatic  charge  generated  by  the  couch 
cover  was  accomplished  by  installing  a  ground¬ 
ed  metal  screen  underneath  the  couch  cover. 

This  mr  hod  proved  effective  in  reducing  vat 
ages  to  less  than  100  volts. 

A  second  potentially  hazardous  situation 
became  evident  during  SC  103  simulated  alti¬ 
tude  test  runs.  When  lithium  hydroxide  can¬ 
isters  were  withdrawn  from  the  storage  lock¬ 
ers,  electric  sparks  were  seen  and  heard  by 
the  crewmen.  The  sparks  were  observed  to 
jump  from  the  canister  to  the  storage  locke. 
at  the  instant  of  withdrawal.  Laboratory 
tests  were  performed  to  determine  the  amount 
of  energy  in  the  sparks.  Storage  lockers 
from  SC  103  and  lithium  hydroxide  canisters 
from  both  SC  101  (Apollo  6)  and  SC  103  were 
used  for  these  tests.  The  lithium  hydroxide 
canisters  from  the  two  spacecraft  had  sim¬ 
ilar  outer  dimensions  and  internal  construc¬ 
tion,  but  the  outer  canister  wall  of  the  SC 
101  canisters  was  made  of  stainless  steel  and 
the  outer  wall  of  the  SC  103  canisters  was 
made  of  Teflon-coated  aluminum.  To  hold  the 
lithium  hydroxide  .misters  snugly  in  pl";e, 
the  storage  lockers  were  lined  internally 
with  pads  of  Teflon  and  silicone  rubber. 

When  the  canisters  w-re  pushed  into  the  stor¬ 
age  locker,  the  pads  compressed  to  make  tne 
canisters  fit  securely.  These  pads  provided 
nearly  complete  electrical  insulation  between 
the  canister  and  the  locker.  Measurements 
showed  the  resistance  between  the  lithium 
hydroxide  canister  and  the  si orage  locker  tc 
be  greeter  than  10,000  megohmr. 

Voltages  and  capacitances  for  the  lith¬ 
ium  canister  relative  to  the  storage  locker 
were  measured  for  a  standard  test  configura¬ 
tion.  The  canister  was  installed  in  the 
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locker,  momentarily  grounded,  and  then  rapid¬ 
ly  withdrawn  to  a  position  where  the  canister 
bottom  wiu,  about  one-half  inch  from  the  lock¬ 
er  top.  This  configuration  corresponded  ap¬ 
proximately  to  the  configuration  in  which 
sparking  occurred.  The  spark  jumped  from  the 
bottom  of  the  canister  to  the  top  of  the 
locker  as  the  canister  came  completely  out  of 
the  locker. 

The  capacitance  of  the  lithium  hydroxide 
canister  relative  to  the  storage  locker  was 
approximately  3^  picofarads  in  the  test  con¬ 
figuration,  and  the  voltage  was  approximately 
10,000  volts.  These  values  were  approximate¬ 
ly  the  same  for  all  storage  lockers  tested; 
the  values  corresponded  to  a  theoretical 
spark  energy  of  approximately  1.5  milli- 
joules.  The  theoretical  spark  energy  is  suf¬ 
ficient  to  ignite  gas  vapors  or  mists,  but 
it  is  not  sufficient  to  ignite  solid  com¬ 
bustibles.  Elimination  of  the  canister/stor¬ 
age  lockers  spark  source  was  considered  nec¬ 
essary,  and  elimination  was  accomplished  by 
grounding  the  lithium  hydroxide  canisters 
during  insertion  and  withdrawal.  The  canis¬ 
ters  in  the  Ill  and  in  the  PLSS  were  also 
tested.  No  static  electricity  c. urges  were 
found  in  these  two  articles  because  of  the 
absence  of  an  insulating  liner  inside  the 
storage  lockers. 

During  simulation  of  lunar  surface  ac¬ 
tivities,  a  third  potentially  hazardous  static 
electricity  effect  was  found.  The  lunar  sam¬ 
ple  receiving  containers  are  Hoisted  into  the 
LM  by  means  of  a  Teflon  fabric  belt  and  me¬ 
tallic  pulley  combination.  It  was  found  that 
the  hoisting  operation  electrically  charged 
the  belt  to  approximately  5000  volts.  The 
charged  belt  produced  strong  attractive  forc¬ 
es  in  powdered  minerals  (hematite  and  basalt). 
When  the  charged  belt  was  placed  1  inch  above 
a  tray  of  powdered  mineral,  a  substantial 
quantity  of  powder  flew  vertically  upward  and 
stuck  to  the  belt.  This  alerted  investigators 
that  the  belt  might  carry  the  lunar  dust 
(which  could  be  either  toxic  or  ilsrmable)  in¬ 
to  the  along  with  the  lunar  sample  con¬ 
tainer,  To  prevent  this,  the  belt  was'l/q^n 
in  a  zigzag  pattern  with  metal  thread.  Tnes, 
conducting  metal  thread  effectively  reduced 
the  .electrical  charge  to  only  a  fev  hundred 
volts  and  completely  eliminated  dust  pickup 
due  to  electrostatic  charge. 


•sTATIC  ELECTRICITY  IN  THE  SKYLAB  PROGRAM 


The  experience  gained  in  the  Apollo  pro¬ 
gram  leads  o,ie  to  expect  that  static  >  leetric 
effects  wij.1  be  observed  jn  the  Skyunb  pro¬ 
gram.  Consequently,  the  Sky lob  spacecraft  was 
systematically  surveyed  to  locate  sources  of 
static  electricity.  Careful  inspections  were 
made  of  the  Orbital  Workshop,  Airlock  Module, 
and  the  Multiple  hocking  As*  ,-ter  to  identify 
any  devices,  systems,  or  activities  »<hicn 
coaid  p^cduit  st&' ic  electricity  during  op¬ 
eration  cf  the  spacecraft.  A  large  number  of 


minor  sources  similar  to  those  of  Apollo  were 
located,  such  as  sleeping  bags,  stowage  of 
metallic  objects  (i.e.  LiOH  cannisters)  in 
insulated  lockers,  etc.  No  major  sources  were 
found  except  possibly  the  astronaut  himself. 

The  maximum  static  electrification  level 
for  a  space-suited  astronaut  was  established 
as  5000  volts  in  the  Apollo  program.  In  the 
Skylab  program,  similar  voltages  are  expected 
for  full,  suited  astronauts.  The  highly  in¬ 
sulating  nature  of  the  surface  of  the  suit 
makes  possible  the  accumulation  of  a  charge 
of  this  magnitude. 

However,  the  Skylab  astronauts  do  not 
wear  a  suit  for  most  of  their  operations,  and 
the  voltage  level  established  for  the  suited 
man  is  not  appropriate  for  estimating  static 
electric  effects  on  these  operations.  Con¬ 
sequently,  tests  were  performed  to  determine 
the  maximum  voltage  to  which  a  Skylab  astro¬ 
naut  could  become  charged  while  wearing  every¬ 
day  garments.  A  detailed  description  of  the 
test  follows: 

Two  subjects  were  suited  in  the  apparel 
to  be  wsrn  during  Skylab  missions  and  placed 
in  an  enclosure  in  which  the  relative  humidity 
was  held  below  bO^.  The  subjects  were  in  the 
enclosure  for  20  minutes  before  tests  were 
performed  to  allow  the  subjects  and  clothing 
to  stabilize  at  the  lower  humidity.  The  re¬ 
sistance  between  the  subjects’  skin  and  build¬ 
ing,  ground  was  measured  to  be  greater  than 

ohms.  Tests  and  their  results  were  as 
follows:  Subject  1,  the  fully  suited  subject, 
removed  his  jacket.  Subject  1,  was  rubbed  by 
subject  2  across  the  back  on  his  undergarment 
with  a  cotton  towel,  Nome/. ,  Beta  cloth  and 
flight  jacket:  When  rubbed  with  cotton  towel- 
3000  volts  built  up  on  the  body  and  clothing. 
When  rubbed  with  Nomex-Zero  volts  on  the  body 
and  -  1000  volts  on  the  undorgarmen-  (the  spot 
which  was  rubbed) .  When  rubbed  with  Beta 
cloth  -  1500  volts  on  the  body  and  clothing. 
Ahen  rubbed  with  a  second  Jacket  -  0  volts  on 
body,  200  volts  on  jacket. 

It  was  concluded  that  the  Skylab  astro¬ 
nauts  wearing  their  everyday  garments  will  not 
become  charged  to  static  voltages  greater  than 
3000  volts  during  normal  activities  in  the 
spacecraft.  This  represents  an  approximate 
upper  limit  reached  under  extreme  conditions, 
and  will  rarely  if  ever  be  experienced  by  the 
astronauts.  The  amount  of  electrical  energy 
available  is  less  than  haif  that  from  the  ful¬ 
ly-suited  astronaut,  and  is  insufficient  to 
ignite  solid  or  fibious  combustibles,  and  most 
mi^ts.  Gases  could  be  ignited.  The  hazard  is 
considered  to  be  negligibly  small,  because  of 
•.he  extreme  difficulty  of  generating  this 
amount  of  static  electricity  on  the  subject 
while  v soring  Skylab  everyday  garments.  While 
a  negligible  ignition  hazard  is  anticipated, 
-tatic  electricity  could  produce  undesirable 
efteets  on  sensitive  circuits, 

Uiusiedioal  instevaentation  for  measure¬ 
ment  of  brain  waves  and  -ardiac  activity  is 
sensitive  to  small  elect*  ic  charges.  The 
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energy  from  common  static  electric  discharges 
is  sufficient  to  produce  noise  in  the  cir¬ 
cuits,  and  in  extreme  cases  may  seriously 
damage  the  circuits. 

Two  sets  of  instrumentation  were  identi¬ 
fied  as  possible  problem  areas,  the  electro 
encephalographic  experiment  (M133)  and  the 
electrocardiogram  experiment  (M093).  Discus¬ 
sions  of  static  electric  effects  on  these  ex¬ 
periments  and  proposed  solutions  to  thes»  ef¬ 
fects  ate  as  follows: 

Skylab  Experiment  (M133).  Static  elec¬ 
tric  discharge  to  the  electroencephalographic 
sensors  of  experiment  MI33  when  the  subject 
dons  the  cap  containing  these  sensors  is  a 
real  possibility.  These  sensors  are  extremely 
sensitive,  and  damage  to  the  circuits  could 
easily  be  produced  by  such  a  discharge.  A  solu¬ 
tion  to  the  problem  was  implemented,  in  which 
conductive  thread  was  sewn  into  the  cap  in  a 
position  where  the  astronaut  must  touch  the 
thread  when  he  grasps  the  cap  to  put  it  on.  The 
metallic  thread  is  grounded  by  a  high  resistance, 
sufficient  to  both  discharge  static  electricity 
and  protect  against  electro  shock. 

Skylab  Experiment  (M133) •  Static  elec¬ 
troencephalographic  sensors  of  experiment 
(MI33)  when  the  subject  dons  the  cep  contain¬ 
ing  these  sensors  is  a  real  possibility. 

These  sensors  are  extremely  sensitive,  and 
damage  to  the  circuits  could  easily  be  pro¬ 
duced  by  such  a  discharge.  A  solution  to  the 
problem  was  implemented,  in  which  conductive 
thread  was  sewn  into  the  cap  in  a  position 
where  the  astronaut  must  touch  the  thread  when 
he  grasps  the  cap  to  put  it  on.  The  metallic 
thread  is  grounded  by  a  high  resistance,  suf¬ 
ficient  to  both  discharge  static  electricity 
and  protect  against  electro  shock. 

Skylab  Experiment  (M093)»  a  series  oi 
experiments  on  static  electric  effects  on  the 
electrocardiogram  system  of  Experiment  1-5093 
were  performed.  Results  indicated  no  problems 
existed  other  than  generation  of  occasional 
noise  spikes. 

CONCLUSIONS 

The  amount  of  static  electricity  that  can  be 
accumulated  by  a  space-suited  man,  who  is 
electrically  isolated,  is  sufficient  to  ig¬ 
nite  combustible  gas  vapors  and  mists  but  is 
not  sufficient  to  ignite  combustible  solids 
found  in  the  Apollo  spacecraft.  Connection 
of  she  biomedical  sensors  to  the  space-suited 
man  provides  a  grounding  path  sufficient  to 
prevent  appreciable  charge  buildup.  Conse¬ 
quently,  no  hazard  exists  when  the  biomedical 
sensors  are  connected  to  the  space-suited  man. 
Temporary  interference  with  biomedical  sen¬ 
sor  readings  occurs  during  static-charge 
drainage.  This  interference  can  be  minimised 
by  providing  a  0,1-  to  1.0-  megohm  path  par¬ 
allel  to  the  ground  circuit.  (A  complete 
short  circuit  to  the  ground  would  be  more 


suitable,  but  it  cannot  be  used  because  of  an 
electric  shock  nazard.) 

Other  static  electricity  ignition  haz¬ 
ards  were  discovered  '.’urine;  operational  tests 
of  the  spacecraft.  These  hazards  included  a 
highly  charged  plastic  couch  cover,  spark  dis¬ 
charge  i  from  lithium  hydroxide  canisters,  and 
poorly  grounded  storage  lockers.  The  couch 
cover  hazard  was  eliminated  by  installing  a 
grounded  metal  screen  underneath  the  couch 
cover,  TM  lithium  hydroxide  canister  hazard 
and  the  slot  age  locker  hazard  were  eliminated 
by  proper  grounding.  A  survey  of  Skylab  for 
sttn,ic  electricity  revealed  no  new  or  out¬ 
standing  problems. 
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The  Pole  of  Electrostatics 
in  Skylab  Contaminant  Behavior* 


H.  E.  Beaver  and  R.  W.  Ellison 
Martin  Marietta  Aerospace 

ABSTRACT 

Skylab  is  an  experimental  space  station 
that  will  be  launched  early  in  1973  by  the 
National  Aeronautics  and  Space  Administra¬ 
tion.  The  station  is  a  100-ton  complex  of 
highly  versatile  laboratories  whose  capabil¬ 
ities  for  multipurpose  scientific  investiga¬ 
tion  are  unmatched  by  any  Institution  on 
Earth.  Its  three-man  crews  will  carry  out 
over  50  major  research  programs  in  earth  re¬ 
sources,  aolar  astronomy,  zaro-g  manufactur¬ 
ing,  medicine,  and  a  variety  of  other  areas. 
This  work  requires  inatrume-ts  of  the  highest 
sensitivity,  and  this  inherently  implies  that 
they  will  be  susceptible  to  extremely  minute 
amounts  of  contaminants.  A  comprehensive 
program  of  contamination  control  has  been  ef- 
fec  J  bpth  analytically,  experimentally,  rnd 
through  major  hardware  controls. 

The  role  of  electrostatics  in  contami¬ 
nant  behavior  la  not  established.  This  paper 
discusses  the  possibility  that  contaminant 
deposits  and  particulate  clouds  may  be  sub¬ 
stantially  Influenced  by  static  charges  on 
the  spacecraft  and  the  contaminants  them¬ 
selves,  and  reviews  the  evidence  of  such 
charges. 

SKYLAB  WILL  BE  THE  first  manned  space  effort 
after  the  Apollo  lunar  exploration  program. 

During  its  8  months  in  orbit  the  Skylab 
Cluster  (fig-  1)  will  pass  above  all  parts  of 
the  Earth  within  3450  miles  of  the  equator, 
its  delicate  sensors  finding  and  recording 
new  Information  about  the  sun  and  the  Milky 
Way,  the  earth's  atmospheric  sheath,  remote 
end  sparsely  inhabited  areas,  the  earth's 
composition,  and  even  about  man  himself.  The 
data  from  these  experiments  will  be  of  direct 
benefit  to  man  in  agriculture,  forestry, 
oceanography ,  geography,  geology,  water  and 
land  management ,  communications,  and  ecology 
and  pollution  control. 

The  Skylab  mission  begins  with  liftoff 
of  the  unmanned  Orbital  Workshop  from  Kennedy 
Space  Center.  The  Skylab  workshop  is  launch¬ 
ed  by  a  two-stage  Saturn  V  vehicle  from  Pad  A 
of  Launch  Complex  39 — where  lunar  flights  be¬ 
gin — and  is  inserted  into  a  near-circular  or¬ 
bit  at  an  altitude  of  435  km  and  at  an 
inclination  of  50  degrees  from  the  equator. 
During  the  first  hours  of  flight,  commands 
are  Issued  to  jettison  the  payload  shroud, 
maneuver  the  workshop  into  a  sun-pointing 
mode,  rotate  the  ATM  solar  observatory  90  de¬ 
grees  to  its  operating  position,  and  deploy 
all  solar-cell  panels.  The  ATM  pointing  con- 
*Work  supported  by  the  National  Aeronautics  and 
Space  Administration. 
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trei  system  la  activated  to  maintain  the  sun¬ 
pointing  attitude,  and  the  GWS  is  pressurized 
in  prepaiation  for  docking  of  the  CSM  and 
entry  of  the  astronauts. 

One  day  after  the  first  launch,  a  Saturn 
IB  vehicle  launches  the  CSM  and  its  three-man 
crew  from  Pad  B  at  ICSC  Launch  Complex  39.  The 
CSM  is  first  inserted  into  an  interim  ellipti¬ 
cal  orbit  93  to  138  miles  above  the  earth. 
Using  its  service  propulsion  system,  the  CSM 
then  climbs  to  rendezvous  with  Skylab  and 
docks  to  the  axial  port  of  the  MD/. .  thus  com¬ 
pleting  the  cluster.  Crewmen  enter  and  acti¬ 
vate  Skylab  for  habitation  The  CSM  is  pow¬ 
ered  down  so  that  only  the  essential  elements 
of  the  communication,  instrumentation,  and 
thermal  control  system?  remain  in  operation. 

In  the  OWS,  the  astronauts  conduct  assigned 
experiments  which,  on  Flight  2,  stress  medi¬ 
cal  and  aolar  research  and  evaluation  of  long¬ 
term  habitability  of  the  Skylab.  In  addition, 
the  crewmen  activate  and  check  out  the  earth 
resources  experiments  and  the  ATM  solar  ob¬ 
servatory.  On  the  27th  day  the  crewmen  pre¬ 
pare  Skylab  for  storage  in  orbit;  on  the  28th 
day  they  board  the  CSM,  deorbit,  and  splash 
down  in  the  West  Atlantic  recovery  area. 

Sixty  days  later,  a  second  CSM  and  an¬ 
other  three-man  crew  are  launched  from  KSC. 
Orbital  insertion,  rendezvous,  and  docking 
are  the  sane  as  on  Flight  2.  This  mission  can 
last  up  to  56  days  and  is  similar  to  that  of 
Flight  2,  but  places  more  emphasis  on  solar 
astronomy  and  earth  resources  experiments. 

The  third  CSM  and  its  crew  are  launched 
approximately  1  month  after  the  Flight  3  crew 
returns  to  earth.  This  mission  completes  the 
objectives  of  the  planned  experiments  and  pro¬ 
vides  additional  data  on  the  crew's  adaptabil¬ 
ity  and  performance  during  the  planned  56-day 
flight. 

The  data  accumulated  from  the  many  Sky¬ 
lab  experiments  will  literally  take  years  to 
assess.  For  example,  one  experiment  in  the 
earth  resources  experiment  package  will  pro¬ 
vide  over  21,600  separate  photographs  in  sev¬ 
eral  different  spectral  bands,  covering  var¬ 
ious  areas  of  the  earth. 
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It  was  recognized  early  in  the  program 
that  accomplishing  the  planned  ccientific  ob¬ 
jectives  would  depend  to  a  large  extent  on 
the  amount  of  surface  contamination  on  the 
exterior  of  the  vehicle.  For  example,  many 
of  the  science  experiments  rely  on  cleat: 
optica;  thermal  control  coatings  must  stay 
clean  to  control  the  temperature  of  the  ve¬ 
hicle;  and  electrical  power  systems  could  be 
degraded  by  contamiuation  on  the  solar  cells. 

A  major  interdisciplinary  program  was 
undertaken  to  identify  possible  sources  of 
contamination  and  all  susceptible  hardware 
and  to  develop  a  mathematical  model  to  pre¬ 
dict  the  uifects  of  contamination.  As  a  re¬ 
sult  of  this  analysis  the  following  actions 
have  been  implemented: 

(1)  The  contaminant  system  has  been 
tested  and  shown  to  create  no  detrimental  ef¬ 
fects. 

(2)  The  overboard  vent  has  been  elim¬ 
inated. 

(3)  The  disposal  system  has  been  re¬ 
routed  to  the  waste  tank,  where  effluent  muse 
pass  through  multiple  filters  before  being 
vented  overboard. 

(4)  The  questionable  outgasslng  materi¬ 
als  have  been  replaced  or  baked  out. 

(5)  All  measures  known  to  control  cor¬ 
ona  have  been  imposed  on  all  hardware,  and 
tests  to  demonstrate  corona-free  operation 
have  been  required. 

Because  of  the  criticality  of  thu  Sky- 
lab  experiments  and  the  relatively  long  life 
of  the  spacecraft,  all  mechanisms  through 
which  the  contaminants  can  be  attracted  onto 
and  become  bound  to  vehicle  surfaces  have 
been  rigorously  scrutinized.  These  analyses 
show  that  the  electrostatic  charge  of  the  ve¬ 
hicle,  though  small,  could  attract  particles, 
and  that  thest  particles  could  then  be  bound 
to  the  surfaces  through  contact  potentials  or 
triboelectric  charges. 

Particles  charged  by  venting  and  dump¬ 
ing,  for  example,  will  be  retained  indefi¬ 
nitely  or  collected  by  the  spacecraft  if 
their  velocity  of  emission  does  not  exceed 


where  q/m  is  the  chsrge-to-masa  ratio  oc  a 
charged  particle  emitted  by  a  spacecraft 
having  a  potential  of  V  .  If  the  spacecraft 

haa  a  potential  of  20  v  and  can  be  .epresent- 
ed  as  a  sphere  with  a  radius  of  5  a,  then  the 
escape  velocities  for  severe)  typical  values 
of  q/m  will  be  as  shown  in  Table  1. 

Equation  (1)  indicate’  chat  highly  charged 
particles  will  be  retained  and  even  collected 
unless  they  are  vented  and  dumped  at  high  ve¬ 
locities,  Typically,  water  droplets  in  tur¬ 
bulent  flow  can  reach  values  of  q/m  os  high 
as  0.1  coulomb  per  kg.  Coal  dust  has  been 
measured  at  a-.versl  thousandths  of  a  coulomb 
per  kg.  In  general,  high-velocity  flow, 
spraying,  or  atomization  leads  to  high  charge- 


T«bU  !.  -  Electrostatic  Behavior  of  Charged  Particle* 


Parameter 

Charga-to-Kass  Ratio*  coulomb /kg 

10-6 

id-" 

10"2 

10° 

V^,  m/sec 

r50*  tt 
t50>  *«c 

6.3  x  10-3 

6.67 

1.6  x  10s 

6.3  x  10*J 

6.67 

1.6  x  lO1’ 

6.3  x  10-1 

6.67 

1.6  x  103 

6.3 

6.67 

1.6  x  103 

V  ■  velocity  for  charged  par’icl'S  to  escape  spacecraft 

n  *t  20  . 

V 

r^Q  *  radius  for  particles  emitted  at  to  turn  around 

tj0  -  time  for  particles  emitted  to  turn  arounu 

to-mass  ratios  on  a  significant  fraction  of 
the  particulates  dispensed,  and  a  substantial 
increase  must  also  occur  in  the  spacecraft 
potential  since  the  charge  imparted  to  the 
spacecraft  must  be  equal  and  opposite  to  the 
charge  imparted  to  the  particles. 

It  is  well  recognized  that  launch  igni¬ 
tion  will  cause  the  Saturn  booster  to  acquire 
a  charge  of  several  hundred  kilovolts.  This 
charge  develops  as  burning  ionized  gases  are 
expelled  from  the  engines,  causing  an  accumu¬ 
lation  of  electrons  on  the  engine  bells  and 
structure.  However,  during  this  phase  of 
flight.  Sky lab  is  enclosed  within  the  payload 
shroud,  and  since  electrostatic  charges  pri¬ 
marily  appear  on  external  surfaces,  it  is 
protected.  Furthermore,  during  the  coast 
phases  that  follow  engine  cutoff ,  the  large 
charge  is  rapidly  dissipated  by  the  free 
electrons  .ino/'cr  ions  at  orbital  altitudes. 
Thus,  from  an  analytical  standpoint,  we 
can  assume  -.hat  the  Skylab  Orbiting  Assem¬ 
bly  arrives  In  irbit  with  a  zero  net  charge. 

SKYLAB  ENVIRC.'MENT 

Beginning  with  tbu  early  Sputnik  and 
Vanguard  satellites,  considerable  empirical 
data  have  been  accumulated  on  the  conditions 
of  space  at  different  altitudes.  Skylab  will 
orbit  with  a  velocity  of  7.5  x  105  cm/sec  at 
an  altitude  of  435  km.  At  this  altitude  the 
number  of  electrons  and  ions  are  nearly  equal, 
and  range  between  5  x  101*  and  3  x  10s  per  cm3 
(see  Table  2).  However,  due  to  differences 
in  mass  and  temperature,  and  because  they 
move  randomly  between  collisions  at  a  veloc¬ 
ity  of  only  1  to  2  x  105  cm/sec,  traveling  at 
a  small  fraction  of  the  spacecraft's  speed, 
the  ions  are  swept  out  by  the  spacecraft, 
leaving  a  wake.  The  electrons,  on  the  other 
hand,  are  constrained  by  the  magnetic  field 
and  are  moving  helically  along  the  geomag¬ 
netic  field  lines  at  a  velocity  notably 
greater  than  tnat  of  the  spacecraft,  inter¬ 
acting  on  all  exposed  surfaces  of  the  vehicle. 
The  net  result  is  that  the  electrons  about 
the  spacecraft  tend  to  bn  uniformly  distri¬ 
buted,  but  that  the  density  of  ions  in  the 
wake  is  reduced  below  ambient  values,  while 
thi  ion  density  ahead  of  the  vehicle  is  in¬ 
creased. 
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T.&l.  ?  -  The  ".kylti  Environ««ne  at  435  ka 


1 

PercaeUf 

u.  s. 

Stenderd 

Ateoepheiw,  1962 

T.  H.  Donahue, 
"Science,"  Vol  159, 
So.  3814,  7968 

rtu«b*r  density 

1.23.  x  10*  c»'! 

rartlcl*  epeed 

1.283  Weec 

Collision  frequency 

0.094  «,c‘‘ 

Mean  ire* 

13.69  k» 

Holeculer  weight 

19.16  eau 

Kinetic  r«rpe/«cure 

1487.37  *K 

Kol#c**Ur-  icele 

to.  .reture 

2249.05  *K 

Denclty 

3.925  x  I0-1-  kj/a' 

Preesurx 

1.9  x  10’8  torr 

Atomic  oxygen 

1.1  x  10  «  ca-! 

nurbet  rfvuity 

Heiioc  n>.*b*r 

denf/ty 

3  x  lc6  en-’ 

Atoalc  hydrogen 

5  x  10s  c="! 

jroober  den-1  ty 

Election  nueber 

U>5  x  10'  cm-' 

den*  i  t>* 

Oxyyrn  .Of.  (0*) 

nuuber  denelty 

3.8  x  1C'  c  rJ 

Hydrojer  Ion  (H+) 

1  i  x  10'  cn“3 

auT ber  deneltv 

Helim  Ion  (He4-) 

■'uaber  denelty 

1.6  x  10J  ca*3 

^V.  Celvert,  "Science,'*  Vol  No.  3746,  1966,  reports 

3  x  10s  ox"'. 

CHARGE  RESULTING  FROM  SPACE  PLASMA 

To  prevent  the  following  una'.ysi3  from 
becoming  unduly  complicated,  we  can  reduce 
the  Skylab  vehicle  to  its  equivalent  geomet¬ 
rical  shape.  Neglecting  the  solar-par  el 
wings  ana  the  Apollo  Telescope  Mount,  the 
basic  configuration  is  chat  of  a  cylinde-  40 
m  long  and  6.6  e  in  diameter.  This  cylinder 
has  an  area  of  898  m2,  which  is  equivalent 
to  the  area  of  a  sphere  8.4  m  in  diameter. 

Skylab  trill  have  an  orbital  velocity  o: 
7.7  x  10s  cm/sec.  Thus,  it  will  be  travel¬ 
ling  approximately  five  times  faster  than  the 
free  ions  and  more  than  ten  times  slower  than 
the  free  electrons.  As  a  result,  there  will 
be  a  concentration  of  ions  impacting  the  for¬ 
ward  portion  of  the  vehicle,  but  electrons 
will  Impact  che  vehicle  from  all  directions. 
This  will  cause  the  electron  current  to  the 
vehicle  to  be  larger  than  the  ion  current. 

In  effect,  the  vehicle  will  take  on  a  nega¬ 
tive  potential  such  that  all  but  that  number 
of  higher-energy  electrons  sufficient  to  bal¬ 
ance  the  ion  curr  t  are  repelled. 

Brundin(^)  has  shewn  that  on  a  spherical 
metal  body,  such  as  that  shown  in  Figure  2, 
the  respective  electron  and  ion  currents  can 
be  described  by: 


I  *  -eN.  v  irR*  C.  (2) 
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Fig.  2  -  Plasma  Charge  Iffects  on  a 
Spherical  Spacecraft 

By  summing  the  icn  and  electron  currents  and 
solving  for  the  spacecraft  charge  *s,  we 
obtain 

l£n  (V>r~T'r  ■  ~ 2  tn  “ 


KT 

$  “  T" 

e  2e 


_  v  *■ 
e  s 
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When  the  appropriate  numerical  values 
are  substituted  in  thl  •  enuation,  the  charge 
on  the  spacecraft  resulting  from  motion 
through  the  plasma  at  an  altitude. of  400  km 
is  found  to  be  about  ~h  v. 

CHARGE  DUE  TO  PHOTOELECTRIC  EFFECTS 

Solar  radiant  energy  falling  on  the 
spacecraft  will  cause  electrons  to  be  emitted 
from  the  vehicle.  Tnis  electron  current  flow¬ 
ing  away  from  the  spacecraft  will  tend  to 
counteract  the  charge  accumulated  from  plasma 
effects. 

The  resultant  vehicle  charge  when 

photoelectric  effects  are  included  is 
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PH 
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s  e  e 
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where 

Ipll  “  photoelectric  current,  coulombs. 

that  this  equation  Is  similar  to 
Eq  1  occept  that  the  second  term  has  been 
modified  to  Include  the  photoelectric  current. 

Measured  values  ot  from  Explorer 

and  other  spacecraft  shos  that  currents  of 
less  than  10-1"  amp  per  sq  m  are  to  be  expect¬ 
ed. 

Inserting  the  appropriate  numerical 
values  alters  the  spacecraft  charge  by  less 
than  0.1%;  i.e.,  the  photoelectric  contribu¬ 
tion  is  negligible. 

CHARGE  FROM  MOTION  THROUGH  THE  MAGNETOSPHERE 

For  the  usual  unmanned  spacecraft,  which 
is  of  small  dimensions  (1  or  2  m  in  diameter) 
and  symmetrical,  the  voltage  created  by  mo¬ 
tion  through  the  magnetosphere  is  insignifi¬ 
cant.  However,  when  we  consider  a  vehicle 
the  size  and  shape  of  Sky lab,  then  the  elec¬ 
tromagnetic  force  becomes  appreciable. 

Consider  u  cylindrical  metal  tube  40  m 
long,  6.6  m  in  diameter,  and  moving  through 
earth's  magnetic  field  at  a  velocity  of  7.7 
km/sec  (see  Fig.  3).  It  is  immediately  ap¬ 
parent  that  a  sizeable  voltage  is  generated. 


t  -  By  <L  co»  «  *  D  >111  «) 

Fig.  3  -  Charge  on  a  Spacecraft  Traveling  in 
the  Geometric  Field 

Me  must  also  consider  that  Skylab  flies 
in  two  different  attitudes.  Its  primary  at¬ 
titude  is  solar  iner  la! ,  in  which  the  solar 
arrays  or  major  axis  of  .he  vehicle  are 
p >inted  sunward.  The  alternate  attitude  is 
with  the  Z- local  vertical  axis  coward  the 
nadir;  this  is  the  attitude  in  which  an  air¬ 
plane  normally  operates.  These  different  at¬ 
titudes  act  to  cause  differing  vehicle  axes 
to  be  normal  to  the  geomagnetic  field.  Thus, 
differing  induced  voltages  are  present  as  the 
attitude  changes. 

Since  Skylab’s  orbit  is  oriented  50°  to 
the  equator,  the  vehicle  moves  alternately 
northward  and  southward,  and  normal  to  the 
magnetic  field  at  the  extremas.  This  motion 
through  the  geomagnetic  field  generates  an 
alternating  voltage  component  of  1  Hz  per 


orbit  across  the  cylinder  and  another  com¬ 
ponent  longitudinal  to  the  cylinder.  Con- 
siaering  the  cylindrical  form  of  Skylab,  the 
voltage  generated  on  the  vehicle  will  be 

E  *  B  v  (L  cos  6  +  D  sin  6) 

where 

B  “  magnetic  field  intensity  *  4  x  1CT5 
weber  at  400  km 
v  «  7.7  x  IQ3  m/sec 
L  *  length  of  vehicle  »  40  m 
D  *  diameter  of  vehicle  «  6.6  m 
6  “  angle  between  spacecraft  and  direc¬ 
tion  of  magnetic  field 
When  6  »  0°,  a  longitudinal  voltage  of 
12.6  v  is  generated  along  the  length  of  the 
vehicle.  When  the  spacecraft  is  oriented  so 
that  6  «  90°,  a  voltage  cf  2.06  v  is  generated 
across  the  vehicle. 

Skylab  is  launched  at  an  inclination  of 
50°  from  the  equator.  Neglecting  geomagnetic 
anomalies,  the  angle  0  will  be  closer  to  50°. 

At  this  angle,  the  voltage  generated  on  the 
vehicle  will  then  be 

E  -  (4  x  10s)  (7.7  x  103)  (40  cos  0  +  6.6  sin  0) 
This  voltage  will  appear  as  a  d-c  gradi¬ 
ent  along  the  length  of  the  vehicle  on  which 
an  a-c  component  of  frequency  equal  to  the 
orbit  period  is  superimposed.  In  any  case, 
the  charge  from  this  source  will  be  much 
larger  than  the  electrostatic  charge  from  mo¬ 
tion  through  the  plasma. 

As  the  spacecraft  changes  orientation 
with  respect  to  the  magnetosphere,  the  mag¬ 
nitude  of  the  charge  changes  and  may,  in  some 
orientations,  reverse  polarity.  As  thin  oc¬ 
curs,  various  areas  of  the  spacecraft's  sur¬ 
face  become  more  or  less  attractive  to  ion- 
lzed-partlcle  contaminants  and  electrons. 

CHARGE  EFFECTS  FROM  RCS  ENGINE  FIRINGS 

In  considering  elect rostucic  charges  cn 
the  Skylab  Cluster,  the  firing  of  the  reaction 
control  engines  on  the  Command  and  Ser-ice 
Module  has  little  effect.  These  engines  will 
be  used  to  dock  the  Apollo  CSM  wi.h  the  MDA, 
and  to  make  orbital  adjustments  during  the 
mission. 

The  voltage  developed  on  the  spacecraft 
bv  RCS  engine  firings  can  be  estimated  from 
me  integral  of  current  with  time  measured  in 
a  typical  test  firing,  since  the  spacecraft 
capacitance  can  be  calculated  very  roughly 
as  about  930  pf,  the  magnitude  of  the  charge 
Is  given  by 

JScs  dt 

C  VS 

References  3  and  4  amlyze  the  effects 
of  charges  from  small  rocket  engines  operat¬ 
ing  in  a  space  environment.  These  studies  are 
unanimous  in  their  conclusion  that  small  rock- 
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ecs  with  non-ablative  engine  bells  produce 
very  low-pocential  energized  particles.  A 
potential  of  ±5  v  appears  to  be  the  maximum 
chatge  to  be  expected,  and  then  only  with 
engine  firings  of  considerable  duration. 

Since  the  Skylab  RCS  engines  will  only 
be  operated  at  infrequent  intervals,  and  then 
for  relatively  short  periods,  the  small  charge 
they  produce  can  be  disregarded. 

CHARGES  FROM  LIQUID  DUMPING 

In  the  lace  ninateench  century,  it  was 
discovered  that  a  waterfall  has  an  electric 
field  of  several  hundred  volts  per  meter. 

This  fiel  's  apparently  caused  by  the  me¬ 
chanical  disruption  of  the  scream  from  im¬ 
pingement  on  the  rocks  below.  This  same 
effect  has  been  observed  under  many  other 
circumstances  and  Is  a  source  of  concern  in 
cleaning  supertankers  and  in  transferring 
fuel  between  aircraft  in  flight. 

Skylab,  1  i  its  earlier  configuration, 
vented  certain  liquids  overboard.  The  cloud 
of  Ice  particles  created  by  this  venting 
raised  concern  about  surface  deposits  and  the 
lifetime  of  the  cloud.  It  was  believed  that 
venting  might  charge  the  vehicle  while  charg¬ 
ing  the  droplets,  and  that  electrostatic  ef¬ 
fects  would  aggravate  the  potential  problem 
by  making  the  cloud  take  longer  to  clear,  In¬ 
creasing  the  amount  of  surface  contamination, 
and  ir.troductlng  highly  charged  particles  in¬ 
to  high-voltage  regions  of  sensors.  From  the 
start,  Skylab  was  configured  so  tnat  no 
straight  line  of  sight  existed  between  sources 
ot  contaminant!)  and  critical  surfaces.  Two 
series  of  tests  were  performed  to  determine 
whether  this  line-of-slght  protection  covid 
oe  negated  by  electrostatic  forces  pulling 
particles  to  critical  surfaces,  but  the  re¬ 
sults  were  generally  Inconclusive.  Even 
though  the  data  did  rot  show  that  electro¬ 
static  forces  dominated  the  transportation  of 
contaminants ,  the  vent  1'  .  were  rerouted 

through  the  waste  tank,  am'  the  effluent  was 
filtered  to  ensure  that  no  escaping  particle 
would  be  larger  than  a  few  microns. 

As  a  part  of  the  contamination  test  pro¬ 
gram  for  Skylab,  Martin  Marietta  conducted 
several  series  of  tests  to  simulate  the 
dumping  of  water  from  the  environmental  con¬ 
densate  system  to  spaco. 

In  the  first  group  of  tests,  a  stream  of 
distilled  water  was  pumped  through  three 
different  types  of  nozzles  in  a  thermal  vacu¬ 
um  chamber  The  nozzle  panel  was  insulated 
from  the  chamber  walls  using  material  with 
a  resistance  of  2  x  10*'-  ol.ms. 

At  the  start  of  each  test,  tiie  vacuum 
chamber  was  pumped  down  to  a  pressure  alti¬ 
tude  of  175, QOO  ft.  During  ths  tests,  th~ 
equivalent  altitude  decreased  to  150,000  ft 
due  to  the  volume  of  wa.er  introduced  in  the 
chamber. 

The  triboulectric  charge  was  measured 
with  a  sensitive  resear-h  electrostatic  volt¬ 
meter,  which  had  a  range  of  200  v  full-scale. 


All  measurements  were  made  between  the  nozzle 
panel  and  the  wall  of  the  chamber. 

At  a  pressure  of  10  psla,  the  triboelec- 
trlc  charge  ranged  from  45  to  60  v,  depending 
on  the  particular  nozzle,  and  the  charge  built 
up  from  2  to  50  sec.  At  100  psla  the  volt¬ 
ages  were  between  70  and  180  v.  In  an  ear¬ 
lier  setup  in  this  chamber,  the  highest  read¬ 
ing  observed  was  1800  v. 

In  the  last  test,  a  large,  45-ft-high  by 
25-f t-diameter  thermal-vacuum  chamber  cooled 
with  LN2  was  used.  Condensate  was  vented  at 
2  rate  of  1  gallon  in  11  minutes,  and  the 
nozzle  charging  current  was  measured  using  a 
Keitl.ley  4i0  electrometer.  The  current  was 
erratic,  swinging  alternately  positive  and 
negative  for  the  first  7  minutes,  and  finally 
settling  out  at  a  constant  polarity  between 
10-6  and  10“  7  amp  for  the  remaining  period. 

A  rough  average  of  the  readings  is  3  x  10“ 7 
amp. 

Under  these  conditions,  a  spacecraft  with 
a  capacitance  of  930  pf  would  be  charged  at 
a  rate  of  320  volts  per  second,  and  would 
'each  an  ultimate  potential  of  210  kv  after 
11  minui.es  if  the  current  were  continuous,  of 
one  polarity,  and  if  there  were  no  mechanism 
for  disc’iarge.  However,  such  voltages  can¬ 
not  be  achieved,  even  in  the  ionosphere,  be¬ 
cause  the  rapidly  increasing  potential  would 
attract  and  return  the  appropriately  charged 
effluents  before  such  high  potentials  were  gen¬ 
erated.  In  the  Ionosphere,  the  tendency  to 
charge  will  be  negated  by  the  drawing  in  of 
ions  or  electron-,  and  an  upper  limit  of  200 
v  seems  likely. 

Photographs  of  liquids  vented  into  a 
very  high  vacuum  show  that  a  small  fraction 
of  the  particles  cross  the  tracks  of  the  re¬ 
maining  particles.  In  our  own  tests  and  in 
tests  at  JPL,  these  anomalous  tracks  remain 
unexplained.  Erect. ostatics  has  been  involved 
and  may,  perhaps,  be  ultimately  established 
as  the  causative  agent.  Astronaur  reports 
and  Apollo  photographs  also  confirm  the  ex¬ 
istence  of  anomalous  trajectories  (see  Fig.  4 
and  5). 


Fig.  4  -  Water  Jet  into  Air  Streaming  into 
Vacuum  (Courtesy  of  C.  Miller,  Jet 
Propulsion  Laboratory) 
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Fig.  5  -  Water  Injected  Directly  into  Low- 
Temperature,  High-Vacuum  Chamber 


MECHANISMS  OF  VEHICLE  DISCHARGE 

It  was  shown  earlier  that  collisions  with 
charged  pa -tides  in  the  space  environment 
cause  the  -barge  on  Skylab  to  build  up  to  an 
equilibrium  potential  of  small  magnitude.  At 
this  point  a  sheath  is  established  about  the 
vehicle  that  effectively  shields  it  from 
further  contact  with  the  plasma  particles. 

The  thickness  of  the  plasma  sheath  is 
about  0.44  cm,  equal  to  the  Debye  length.  The 
concentration  of  charged  particles,  ions,  or 
electrons  in  the  sheath  depends  on  the  mag¬ 
nitude  and  polarity  of  the  charge,  which  for 
an  Idealized  Skylab  has  been  shown  to  be  about 
-*i  v. 

The  sheath  of  electrons  is  also  the 
mechanism  whereby  the  vehicle  is  discharged 
when  charge  mechanisms  other  than  plasaa- 
charged  particles  drive  the  vehicle  from  its 
equilibrium  potential.  The  conductivity  of 
the  sheath  and  the  capacitance  of  the  vehicle 
(920  pfl  combine  to  determine  the  time  con¬ 
stant  that  is  effective  in  discharging  the 
spacecraft.  The  complex  geometty  and  surface 
properties  of  Skylab  combine  with  these  sheath 
properties  to  render  computations  cf  discharge 
currents  ana  rates  iutractaole. 

PERTURBATIONS  TO  ANALYSIS 

Skylab  ts  covered  to  a  large  extent  with 
dielectric  thermal  control  paints.  The  white 
paint  has  a  resistivity  of  1.3  x  IQ- 5  ohm-ca; 
the  black  paint,  10I!  enn-ern.  These  values 
can  be  higher  after  exposure  to  vacuum.  Thus, 
the  discharge  can  be  extended  by  many  orders 
of  magnitude,  and  may  require  seconds. 

The  charge  pattern  of  the  vehicle  will 
also  be  distorted  by  the  solar  panels  of  the 
OWS  and  ATM.  These  solar  panels  are  construc¬ 
ted  of  numerous  strings  cf  solar  batteries, 
in  series.  Per  instance,  one  ATM  subpanel  is 
constructed  of  360  solar  batteries,  with  the 
positive  and  negative  interconnections  Inter¬ 
spersed  over  the  surface  of  the  panel.  One 
end  of  each  series  string  is  grounded;  the 


other  end  is  at  90  to  125  v  dc.  Since  the 
average  voltage  of  the  panela  is  SO  v,  the 
solar-cell  arrays  are  considered  as  being  st 
a  mean  voltage  of  +50  v  from  the  body  af  the 
vehicle.  Of  course,  they  are  insulated  from 
the  body  of  the  vehicle  and  are  also  environ¬ 
mentally  protected  with  covers  of  fused 
quartz,  which  has  a  resistivity  of  1018  ohm- 
cm. 

Assuming  the  solar  panels  are  at  this 
+50  v  average  ievei,  it  is  apparent  that  an 
ion  sheath  will  be  formed  over  the  panels, 
whereas  the  body  of  the  vehicle  will  be  at  a 
small  negative  potential  and  the  plasma  sheath 
about  the  vehicle  will  be  highly  non-uniform. 
Aa  a  result,  there  can  be  substantial  voltage 
across  the  paints,  the  solar  cells,  the  quartz 
covers,  and  the  insulation  blankets.  The 
problem  is  not  tractable. 

OTHER  TRIBOELECTRIC  EFFECTS 

In  addition  to  the  triboelectric  effects 
that  result  from  dumping  liquids,  the  tribo¬ 
electric  effect  of  contact  potentials  is  also 
important  in  analyzing  possible  contamination 
mechanisms  for  Skylab.  Table  3  lists  the 
relevant  physical  properties  for  Skylab  ma¬ 
terials. 

In  the  letf  .%  cart  of  the  nineteenth 
century,  Alfr»u  Coehi.  of  Germany  determined 
that  the  amount  of  electrostatic  charge  gen¬ 
erated  between  two  materials  in  contact  is 
determined  by  the  difference  in  their  dielec¬ 
tric  constants.  The  material  with  the  largest 
dielectricconstant  will  have  the  positive 
polarity. ( 5 >6)  This  relationship  is  expres¬ 
sed  in  Coehn's  equation  as 


where 

"  resultant  charge  differential, 
esu 

K^,  Kj  a  respective  dielectric  constants 
of  the  two  materials  in  contact 
k  •  Coehn's  constant 
H.  R.  Richards,  working  on  c  fellowship 
at  Princeton  University,  apsnt  considerable 
time  empirically  verifying  Coehn’s  constant. 
He  tested  many  materials  and  determined  tha 
average  value  of  Coehn's  constant  as  k  *  4,4, 
Using  Coehn's  Law,  we  cen  analyze  sev¬ 
eral  probable  situations  that  may  arise  dur¬ 
ing  Skylab  operations.  For  example,  the  con¬ 
densate  dumped  from  the  Airlock  Module  is 
water  mixed  with  human  sweat  and  breath.  As 
such,  it  closely  approximates  a  salt  solution 
and  would  have  a  similar  dielectric  constant 
of  6.r.  If  a  droplet  of  this  condensate 
should  contact  the  magnesium  fluoride  (MgFf) 
coating  of  the  S190  experiment  wir.dcw,  a  con¬ 
tact  potential  will  he  generated.  MgFl  has  a 
dielectric  constant  of  1-9,  so  the  charge 
will  be 
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Tab 1«  )  -  Skyiab  -  Triboelectric  Saris* 


Material 

Leakage 

Source 
or  Vehicle 
Location* 

Dielectric 

Constant 

— 

dc  keaiatf- 
vity,  oho- a* 

— 

Tie* 

Constant,  8£, 

aec 

Xaftrc&ce 

Hltrogen 

1.2,3,* 

1.0005*7 

2.8 

Oxygen 

1,2,.  * 

1.00049* 

2,8 

Clean  Water 

3 

-76  et  25‘C 

2  f  !CU 

0.24  x  10” 

i 

Neoprene 

5 

-6.*  at  25*C 

*"  23* 4 

3.9  x  10” 

1 

Polyurethane 

5 

-6.7  at  25’C 

i>  10” 

6.7  x  10” 

i 

Zinc  Sulphide 

8 

-5.3 

Clean  Ice 

3 

*.8 

8  x  10“ 

3.85  x  1015r 

1 

Cleee-Koro  Sllicite- 
Crown 

6 

*.05 

•  «  !0" 

i  -  -  ion 

i 

Cleat  Fuaed  Silica 

7a 

3.85 

1  x  101! 

3.85  x  10” 

3,10 

rue ad  Quartz-Mirror 

7b 

2.25 

1  x  10” 

Inf raail-Fuaad  Quart* 

6 

3.77 

lx  101# 

3.77  x  10” 

*,10 

Aqueous  NaCl 

3 

6.1 

; 

Nylon 

5 

3.5 

6  x  101  1 

2.1  x  iO5*1 

i 

Mylar 

5 

3.: 

,  _  .„} 1 
>»»!/• 

1.4  x  10' * 

i  ! 

Paper 

5 

3.29 

S  x  lo” 

2  6  x  10*  ** 

1 

Teflon 

5 

2.0* 

5  x  10JS 

1.02  x  10* ‘ 

1 

Ka«na»iu*  Fluoride 

9 

1.95 

1.39  i  10s 

2.7  x  10* 

6.7 

Liquid  Urine 

9 

*.e 

5.2  x  10> 

1.02  x  10J 

5,6 

Liquid  Oxygen 

1.2,3,* 

1.5  at  80*K 

6  *  10l2 

7.5  x  10” 

6 

Liquid  Nitrogen 

1.2.3.* 

l.*54  at  -203*C 

8  x  10” 

’.1.3  x  10” 

8 

Liquid  Hydrogen 

1,2,3,* 

1.228  at  2Q*X 

lxlO11 

9.16  x  10” 

8 

Cenu^lus 

16.6 

9  x  10* 

14.9  x  -01 5 6 7 8 9 * 11 

? 

Silicon 

5 

13 

8.5  x  10-! 

l.l  X  i0: 

2,9 

Carbon 

5 

1.4  x  10-J 

2 

Stalnleaa  Steel 

11 

90  x  10-4 

2 

Titenlus 

5 

47.8  x  lO"5 

2 

iron 

5 

9.7  i  10-‘ 

2 

Cobalt 

S 

9.7  x  10-4 

2 

Nickel 

5 

6.9  x  10-4 

2 

Zinc 

5 

6  x  10-‘ 

2 

Hang ana a* 

5 

5  x  10-4 

2 

Alueifnjs 

5 

2.62  x  10-4 

2 

Chroaiiu* 

5 

2.6  x  l0-‘ 

2 

Cold 

5 

2.41  x  10-* 

2 

Cop -er 

5 

1.49  x  1ST* 

U»£A  '?lcek;n 

Natural) 

Liettd  only 
for  kef 

7.1 

2  X  10” 

Vehicle  Paine* 

«hatn-=rv  602  c  jw, 

1.2, 3. 4 

2.3 

1.32  <  10” 

11 

Slack-Cetelac- *63-3-6 

1,2.3,* 

6.27 

9.5  x  10” 

11 

Fecal  Molature 

10 

65-852  (Kolature 
of  bulk  aaterial) 

5 

Waste  Food* 

JO 

5 

'Leakage  Source*  or  Vehicle  Locations: 

1  -  CSK 

2  -  Oi 

3  -  AM 

4  -  KDA 

5  -  Ventline  Exp a r Is ant  H479,  M512 

6  -  S190  Eoron  Sillcata  -  Crown  Window 


7*  -  S191  fuMd  Silica  Window 

7b  -  Quart*  Overcoat  on  S191  Mirror# 

8  -  S192  Infrasli  Window  or  Cereanlu*  Window 

9  -  Ma^naaiuB  Fluoride  Coating  on  6  and  7a 

10  -  leakage  f roo  OVS,  Wait*  Tank 

11  -  Steal  Flpas  froa  Waste  Tank  and  Vehicle 

Structure 

12  -  Exterior  Thanaal  Control  Coatings 


! 


1  -  A.  *.  Vo«  Hij  pit,  "PJrls-tric  Material*  and  Applicat Iona MIT  Technology  ?raa a  and 

Vi lay  4  Sona,  1958 

2  -  "International  Critics!  Tab  as,’  McCrav-Hill,  1932 

3  -  Co  miry  data  -  "Fused  Silica  79*0  Data  Sheet  #FS-6,"  March  1966 

*  -  Miarail  Optic*,  Inc*-  "T17  Infraail  1  -  Data  Sheet" 

5  -  D.  8.  Futrvaa,  ’ uoenocit ion  and  Concent  rat iv*  Fropertiaa  ef  Hiraa-.  Urine,"  McLrnnsii- 

tVugiae  Aatronautlea  Co-DAC-61125-f-l 

6  -  Conoco  and  Odlehav,  ’V^ndbook  of  Phytic*,"  McCrcw-H*ll ,  r>56 

7  -  "Opvlcci  maijn  Handbook,"  MIL-HDAT-IM 

8  -  "Handbook  of  ulc-letry  and  Fhvslca,"  *lat  Edition,  Chaalcal  Rubber  Publishing  Ccaipany 

9  -  W.  t.  Wole,  "Handk  M>k  of  H.  liter?  Infrared  Technology ,"  Office  of  Havel  Xeaearch, 

Washington,  s  C. ,  9M 
JO  -  Vendor  Inf oraet.-r 

11  -  Laboratory  Tear  st  •  *rti*»  Marietta 
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g  -  4.4  (6.1  -  1.9)2 
»  75.6  esc. 

Since  the  dielectric  constant  oi  rhe  droplec 
Is  larger,  its  charge  will  have  a  posicive 
polarity. 

From  electrostatics,  we  know  that  the 
force  resulting  from  an  electrostatic  charge 
is  equal  to 


r 


where 

F  »  the  attractive  force,  dynes 

Q  =  the  charge,  esu 

r  =  the  separation  distance  between  ma¬ 
terials,  cm 

For  simplicity,  we  will  assume  that  r  = 
1  x  lo~8  cm  =  100  X.  Using  this  seoaratir.n 
distance,  che  attractive  force  between  the 
drcpiet  and  t.ie  window  surface  is 


”  5.7  x  1C15  dynes,  or  5.7  x  1018 
newtons. 

A  similar  situation  may  result  from  op¬ 
eration  of  Experiment  M4'9  (Manufacturing 
Technology).  One  of  the  residues  vented  to 
space  from  this  experiment  will  be  Teflon 
particles.  Tne  dielectric  constant  of  Teflon 
Is  2.04.  is  is  possible,  duo  to  their  rela¬ 
tive  proximity,  that  a  Teflon  particle  might 
contact  the  quart2  tStOi)  coating  of  the  pri¬ 
mary  mirror  of  Experiment  E191  (infrared  spec¬ 
trometer).  If  this  occurs,  the  resultant 
charge  will  be 

Q  =■  4.4  (3.77  -  2.04)?  =  13.4  eSu, 

and  the  attractive  force  between  the  particle 
and  the  window  will  Men  be 


mobile  windshieids.  It  also  explains  how  an 
airplane  flying  through  an  atmosphere  con¬ 
taining  dust  can  get  dirty  even  while  flying 
600  mph.  The  electronic  theory  of  adhesion 
was  also  ctudled  to  a  great  extent  by  B.  V. 
Derjaguin  and  V.  P.  Smilger.W 

U3ing  the  dielectric  constants  and  the 
bulk  or  surface  resistivities  from  Table  3, 
it  is  feasible  to  develop  an  approximate 
time  constant  that  Is  indicative  of  the  time 
required  for  a  contact  charge  to  bleed  off. 

The  resiftivity  of  Mg Ft  is  1.39  x  108 
ohm-cm,  and  its  dielectric  constant  is  1.9. 

The  proauct  of  these  two  factors  is  2-7  x  10®, 
which  is  an  approximate  time  constant  in  sec¬ 
onds.  Thus,  it  is  seen  that  after  a  particle 
is  attracted  to  a  surface,  it  may  be  expected 
"c  remain  there  for  a  considerable  time,  even 
through  the  duration  of  the  Skylcb  mission. 

Although  rhe  precise  dielectric  constant 
Is  not  generally  known  for  metallic  materials, 
the  constant  is  very  large.  From  considera¬ 
tions  in  physical  optjrs,  it  can  be  shown  that 
the  "dielect: ic  constant"  closely  approximates 
the  square  of  the  index  of  refraction.  For 
reflective  metals,  n  becomes  very  large  and 
the  die’ectric  .onstant  approaches  infinity. 
However,  the  magnitude  cf  the  dielectric  con¬ 
stant  is  largely  offset  by  rhe  very  low  resls- 
tivi’y  of  metals.  Steel  exhibits  an  average 
resistivity  of  90  c  10-6  ohm-cm;  and  the  re- 
s'stlvity  of  gold  is  only  2.44  x  10-8  ohm-cm. 
Consequently,  even  though  a  large  instanta¬ 
neous  charge  nay  occur  t'hen  a  particulate  ma¬ 
terial  is  in  contact  with  metal  surfaces,  the 
charge  dissipates  in  microseconds  due  to  the 
low  resistivity  of  the  mttal. 

Table  3  is  a  triboelectric  table  of 
Sky  lab  materials.  This  taele  can  be  used  to 
estimate  the  contact  potential  between  vehicle 
surfaces  and  contaminants. 

ADDITIONAL  DATA  FROM  SPACE 


V  -  -  =  1.75  x  1011*  dynes. 

(l  x  10~f  )' 

These  examples  show  that  contact  cuten- 
iials  can  result  in  a  very  large  attractive 
force  to  bind  the  contaminant  particles  on  the 
windows. 

Although  these  forces  appear  to  be  ex¬ 
tremely  'arge,  they  have  been  corroborated 
f^on  other  fields  of  endeavor.  D.  K-  Donald 
investigated  particle  adhesion  on  various  sub¬ 
strates  used  in  the  graphics  industry.  By 
using  Loads  of  substrate,  covering  them  with 
other  powdered  materials,  and  spinning  the 
c  oirations  in  a  centrifuge,  he  deteemined 
the  adhesive  forces  of  ejntact  potential  for 
njmerous  compounds.  In  his  experiments  he 
found  that  some  combinations  cf  materials  can 
withstand  a^aelcrat tons  up  to  30,0Oj  g  before 
they  separate. 

These  result::  seem  to  indicate  why  dirt 
and  mud  spots  adhere  so  strongly  to  our  auto¬ 


Sorae  recent  results  from  the  Apollo  lu¬ 
nar  program  chow  clear  evidence  of  electro¬ 
static  ferces  controlling  contamination.  In 
some  cases  lunar  dust  has  been  seer,  to  "jump” 
re  dielectric  sui faces  and  remain  there 
against  lunar  gravity  in  a  geometrical  pattern 
associated  with  an  electrostatic  field  (see 
Fig.  6  and  7).  Other  indications  pertain  to 
density  measurements  of  neutral  and  charged 
molecules.  Surprisingly,  the  sunlit  surface 
ef  the  muon  appears  to  have  densities  o  neu¬ 
tral  molecules  and  ions  that  are  not  so  far 
different  from  the  values  in  the  upper  F‘ 
ionosphere  where  Skylab  orbits. 

The  striking  evidence  that  electrostai les 
controls  the  transportation  and  deposition  cf 
lunar  dust  combines  with  the  other  evidence 
(of  r.ear- ionospheric  piopertiec  at  the  lunar 
surface)  to  necessitate  continued  attention 
to  the  question:  How  large  is  the  rule  of 
electrostatics  in  spacecraft  contaminati >n? 
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Fig.  6  -  Lunar  Dust  Experiment 

(Courtesy  of  T.  Gold.,  Cornell  Univ. 
{NASA  Photo)] 


Pig.  7  -  Dust  on  ALSEP 


(Courtesy  of  H.  Collicote,  lei’.dix  Corp. 
(NASA  °hoto) j 
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Electrostatic  Potentials  Developed  by  ATS-5 

Sherman  E.  DeForest 

University  of  California,  San  Diego 

ABSTIACT 

Investigation  of  the  properties  of  low- 
energy  particles  measured  on  board  ATS-5  show 
that  the  synchronous  spacecraft  can  charge  to 
-12,000  volts  in  eclipse,  and  several  hundred 
volts  in  sur.ligbt.  Differential  charging  can 
produce  local  fields  of  several  thousands  of 
volts  per  meter  in  the  near  vicinity  c*'  the 
spacecraft  surface.  Time  constant*-  for 
charging  can  be  less  than  a  second  to  tens  of 
minutes . 

ATS-5  WAS  LAUNCHED  INTO  SYNCHRONOUS  ORBIT  on 
August  12,  1969*  Shortly  thereafter,  it  was 
stationed  at  105°  W  longitude  (local  midnight 
at  0700  UT)  with  orbital  inclination  of  2.30°. 
Before  launch,  research  groups  at  both  the 
University  of  California,  San  Diego  and 
Lockheed,  Palo  Alto  had  insisted  that  conduct¬ 
ing  collars  be  placed  around  the  apertures  of 
low-energy  particle  detectors.  This  was 
meant  t.o  be  a  partial  shield  against  local 
electric  fields  which  could  -ffect  particle 
count!  Ji  rates.  In  addition,  sc .re  concern 
was  expressed  about  the  fact  that  tile  viewing 
cones  of  two  instruments  looked  out  through  a 
cylinder  of  sclar  cells.  The  general  geom¬ 
etry  is  sho-rn  in  Figure  1.  In  flight,  ATS 
spins  at  about  100  rpm  about  the  longitudinal 
axis.  The  spin  axis  is  oriented  parallel  to 
the  earth’s  axis. 

VJithir  weeks  it  was  obvious  that  these 
precautions  had  not  been  sufficient  to  pre¬ 
vent.  differential  charging  from  taking  place 
in  the  vicinity  of  the  end  detector .  The  tig 
surprise,  however,  was  that  certain  puzzling 
particle  events  could  be  shown  to  be  due  to 
the  whole  spaces rp^t  charging  to  thousands  of 
volts.  No  one  else  had  reported  seeing  these 
kinds  of  potentials  developed  on  spacecraft, 
although  several  predictions  of  a  few  volts 
potential  had  beer.  made.  Therefore,  ?.  paper 
(l)  was  written  wnich  discussed  this  charging 
with  emphasis  on  a  model  that  had  been  devel¬ 
oped  to  predict  it.  This  papei  will  review 
that  work,  then  discuss  some  more  recent  work 
on  the  differential  charging,  and  finally 
present  some  evidence  of  effects  which  nave 
not  been  satisfactorily  explcined  yet. 

INSTRUMENTATION 

The  UCSD  plasma  detector  is  snown  sche¬ 
matically  in  Figure  2.  Four  such  detectors 
piC  provided  on  ATS-5*  They  are  arranged  in 
electron-proton  pairs  looking  parallel  ana 
perpen'iculr r  to  the  spin  axis.  The  energy 
range  from  ev  to  50  keV  is  covered  in  62 
logarithmicaj lv  placed  steps.  A  complete 
scan  take.,  about  20  seconds. 


TOTAL  SPACECRAFT  CHARGING 

ECLIPSES  -  The  plasma  environment  3een  at 
synchronous  altitude  is  quite  different  from 
that  seen  at  lower  altitudes  (2,3,4).  Partic¬ 
ularly  in  the  midnight  region,  great  variabil¬ 
ity  of  plasma  density  and  temperature  is 
found.  In  addition,  a  synchronous  spacecraft 
goes  into  eclipse  for  periods  of  about  1/2 
hour  ever  night  for  a  period  of  3  to  4  weeks 
on  either  side  of  an  equinox.  Therefore,  the 
satellite's  response  to  any  given  plasma  in 
both  darkness  and  sunlight  must  be  known. 

This  is  demonstrated  by  the  data  shown  in 
Figure  3*  It  contains  24  hours  of  data 
taken  on  October  16,  1969.  The  format  is  a 
plot  of  energy  versus  time  for  both  electrons 
and  protons.  Note  that  the  energy  scale  for 
protons  is  reversed  so  that  zero  energy  elec¬ 
trons  and  protons  have  the  same  origin.  The 
gray  scale  is  modulated  by  the  counting  rate 
with  low  rates  being  dark.  The  scale  is 
allowed  to  overflow  and  recycle.  The  highest 
proton  counting  rates  in  the  figure  are  black. 
For  more  details  on  this  method  of  presenta¬ 
tion,  see  reference  (3). 

These  data  (which  are  taken  only  from 
detectors  looking  perpendicular  to  the  spin 
axis)  show  a  sudden  change  in  character  at 
about  0620  UT  and  return  to  what  would  appear 
to  be  a  normal  development  at  0720  UT.  It  is 
not  surprising  that  this  type  of  event  was 
first  thought  to  be  a  crossing  of  a  particle 
trapping  boundary  from  closed  to  open  and 
back.  One  of  the  first  papers  presented  on 
these  data  even  suggested  this  explanation 
(5).  However,  the  orbit  calculation  showed 
that  on  this  night,  and  every  other  night 
when  such  events  occur,  the  spacecraft  enters 
and  leaves  eclipse  at  exactly  the  times  of 
the  event.  For  this  reason,  we  had  to  assume 
that  the  apparent  changes  in  spectra  are  due 
to  some  effect  local  to  the  spacecraft. 

The  most  obvious  explanation  is  that  ATS 
is  charging  to  a  negative  potential  of  about 
4200  vc Its  in  eclipse.  This  is  shown  to  be 
tne  case  by  considering  the  detailed  spectra. 
Figure  4  shows  a  cut  taken  through  the 
previous  figure  .lust  prior  to  the  o'-^r.**.. 

Deta  from  both  sets  no  ic  sectors  arc  shown  in 
the  figure  with  the  perpendicular  at  the  top. 
Data  from  the  1  wo  directions  have  beer,  tep- 
arated  by  a  factor  of  100  for  convenience. 

From  the  integrals  calculated  el  the  top  of 
this  figur*.  ,  it  is  seen  that  the  plasma  has 
a  density  of  about  l/cn3.  The  electrons  have 
a  temperature  01'  about  3000  electron  volts, 
and  the  protons  have  a  temperature,  of  abcut 
10,000  electron  volts.  Both  species  are 
roughly  Maxwell.! an  in  shape. 

Figure  5  is  in  the  same  forma*,  but  is 
taken  from  tne  middle  of  the  event.  Note  the 
sharp  cut-off  in  proton-  below  a  certain 
energy,  in  both  of  these  figures,  energy 
flux,  which  is  nearly  proportional  to 
counting,  rate,  has  teen  plotted. 
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Fig.  1  -  Schematic  representation  of  ATS-5* 
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Fig.  4  -  Pre -eclipse  particle  data  on  October  16,  1969  (top  curves  are  data  perpendicular 
to  the  spin  axis;  bottom  curves  are  parallel). 
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When  the  same  data  are  replotted  as  phase 
space  density  against  energy  as  in  Figure  6, 
the  charging  hypothesis  is  confirmed.  In  this 
representation,  the  data  are  seen  to  be  almost 
identical  except  for  an  offset  of  4.?  keV,  and 
not  only  are  the  electron  and  proton  spectra 
offset  in  opposite  directions,  as  they  should 
be,  but  also  the  shift  in  both  cases  is  the 
same  amount  that  would  have  been  predicted 
from  the  location  of  the  proton  cutoff.  This 
is  emphasized  by  the  parallel  soliu  lines 
drawn  through  the  electron  data  at  a  constant 
separation  of  4.2  keV.  The  largest  deviation 
from  this  simple  explanation  is  in  the  30-  to 
50  keV  electrons,  but  from  Figure  3<  we  know 
that  the  electron  spectrum  is  changing  fast 
enough  in  this  time  period  to  account  for  this 
discrepancy. 

Other  examples  would  show  much  the  same 
story.  This  particular  case  was  chosen  for 
publication  only  because  it  has  a  relatively 
simple  injection  with  fairly  stable  spectra. 

ATS-5  does  not  charge  to  high  potentials 
during  every  eclipse.  An  injection  of  hot 
plasma  must  precede  the  eclipse  by  not  more 
than  approximately  3  hours  for  significant, 
charging  to  take  place.  On  the  average, 
slightly  more  than  half  of  the  eclipses  result 
in  emerging.  On  several  days,  injection  has 
taken  place  while  the  spacecraft  was  in  the 
shadow.  The  spacecraft  went  from  almost  zero 
potential  to  a  very  large  potential  within  a 
single  scan. 

SUNLIGHT  -  ATS-5  can  also  charge  to 
several  hundred  volts  in  the  sunlight.  All 
such  events  are  confined  to  the  midnight  to 
dawn  time  sector.  This  might  have  been  ex¬ 
pected  by  the  nature  of  injections  at  midnight, 
but  another  feature  of  sunlight  charging  is 
that  it  only  happens  during  the  winter  months. 
This  has  been  true  from  launch  until  the  most 
recently  analyzed  data  of  spring  1972. 

A  typical  charging  event  would  be  to 
about  -150  volts  for  a  period  of  5  minutes  to 
an  hour. 

The  seasonal  effect  must  be  due  to  the 
seasonal  variation  in  the  magnetosphere  which 
causes  ATS  to  cut  through  higher  lines  of 
force  during  the  summer.  Therefore,  occur¬ 
rence  of  this  effect  is  probably  a  function  of 
the  location  at  which  the  spacecraft  is  parked. 
Detailed  magnetospheric  mappings  would  have  to 
be  made  before  a  prediction  of  sunlight  charg¬ 
ing  could  be  made  for  other  longitudes. 

THEORY  OF  CHARGING  -  A  thecry 
to  explain  these  total  charging  events  has  been 
developed  and  presented  in  detail  elsewhere 
(1).  The  technique  will  be  only  summarized 
here. 

As  a  first  step,  it  was  assumed  that  the 
spacecraft  was  made  of  aluminum,  and  then 
standard  laboratory  values  were  used  to  predict 
backscattered  electrons  (6),  secondarv  elec¬ 
trons  due  to  both  incoming  protons  ana  elec¬ 
trons  (7),  and  photo-electrons  (8).  No 


corrections  were  made  for  magnetic  or  wake 
effects. 

The  spectra  of  outgoing  electrons  as 
produced  by  incoming  particles  was  then  cal¬ 
culated  for  several  representative  charging 
events.  Keeping  the  outgoing  spectral 
shapes  constant,  the  normalization  was  varied 
to  obtain  an  indicated  zero  net  flux  to  the 
spacecraft..  An  excellent  fit  was  found  when 
the  surface  was  emitting  only  about  l/b  as 
many  electrons  of  pure  aluminum  would. 

The  best  value  xor  the  photo-electron 
flux  produced  by  AT? -5  was  obtained  by  con¬ 
sidering  the  sunlight  charging  events.  We 
calculated  8.2  x  10“^  amp.cnr  as  compared 
with  3  x  10"9  amp/errr  for  pure  aluminum 
measured  on  a  rocket  flight  (7). 

A  side  effect  of  this  calculation  was  to 
predict  that  the  spacecraft  normally  is  about 
one  volt  positive  potential  in  the  night 
region.  This  prediction  has  also  been  made 
in  a  recent  paper  by  Grard  (9). 

Figure  7  shows  the  predicted  net  flux  to 
ATS-5  as  a  function  of  potential  using  this 
model  and  the  pre-eclipse  data  from  Figure  4 
with  the  assumption  tnat  the  photoelectron 
flux  has  been  turned  off.  The  proper 
potential  is  predicted  to  within  the  resolu¬ 
tion  of  the  instrument. 

DIFFERENTIAL  CHARGING 

IN  SUNLIGHT  -  The  total  charging  events 
are  spectacular  oddities  which  have  been 
useful  in  developing  the  theory  of  charging, 
but  several  types  of  differential  charging 
are  more  important  to  particle  experimenters 
in  that  they  can  happen  all  the  time. 

It  will  be  remembered  that  the  one  set 
of  detectors  look  parallel  to  the  spin  axis 
of  the  spacecraft,  yet  in  Figure  8  a  large 
modulation  is  seen  in  the  protons  looking 
along  the  spin  axis.  This  modulation  is  at 
the  spin  frequency.  Simultaneously,  there  is 
a  cut-off  in  the  electron  spectrum.  Tn"  mod¬ 
ulation  of  the  protons  increases  to  higher 
energies  as  the  cut-off  in  the  electron 
spectrum  increases.  Perpendicular  detectors 
see  neither  effect,  but  the  parallel  de¬ 
tectors  see  similar  events  on  every  active 
day-  from  the  autumnal  equinox  to  the  vernal 
equinox. 

As  was  „eer.  in  Figure  1,  the  parallel 
detectors  are  at  least  partially  shielded 
from  the  external  plasma  by  a  ring  of  solar 
cells  with  several  antennae  and  a  boom  on  it. 
Initially,  we  thought  that  sunlight  was  being 
reflected  down  into  the  cavity  by  one  of 
these  booms.  Something  (most  likely  the 
thermal  control  unit)  would  then  change  up  in 
the  way  that  would  be  expected  in  the  dark. 
Then  the  periodic  illumination  of  the  cavity 
temporarily  decreases  the  potential.  The 
net  effect  would  be  to  produce  an  electric 
field  that  is  dependent  on  the  spin  angle. 

A  better  explanation  can  be  deduced  from 
the  special  °vent  shown  in  Figure  9>  which 
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contain  data  from  the  parallel  detector  for 
the  same  eclipsing  event  as  previously  shown. 

A  slight  differential  charging  had  taken  place 
starting  at  about  0600  UT,  coincident  with  the 
main  inflection.  During  i  ne  eclipse,  this 
feature  slowly  disappear over  about  20  min¬ 
utes.  A.f“ter  leaving  th-:  eclipse,  the  differ¬ 
ential  feature  does  not  return  immediately, 
but  rather  builds  up  with  a  similar  time 
constant.  The  same  general  typo  of  behavior 
is  seen  on  all  eclipsing  events  when  there 
has  been  differential  charging  before  entering 
the  shadow. 

The  capacitance  of  the  spacecraft  to  the 
outside  plasma  is  of  the  order  of  picofarads, 
but  the  capacitance  formed  by  en  oxidized 
layer  of  aluminum  on  top  of  metal  can  be  sev¬ 
eral  thousands  of  picofarads  per  square  centi¬ 
meter.  The  events  shown  in  Figure  9  can  then 
be  explained  by  saying  that  in  the  dark  part 
of  the  solar  cell  cavity  something  charges  up 
in  the  same  manner  as  eclipse  charging.  When 
the  spacecraft  enters  the  earth's  shadow,  it 
charges  up  through  ar.  effective  capacitor  of 
about  1  picofarad.  The  previously  charged 
surface  then  finds  itself  several  thousands  of 
volts  above  its  equilibrium  potential,  and 
proceeds  to  discharge,  but  it  is  working 
through  a  much  larger  capacitance  back  to  the 
main  spacecraft  body.  Similarly,  this  large 
capacitor  takes  several  minutes  to  charge  up 
after  leaving  the  shadow. 

The  proton  modulation  as  seen  in  Figure  8 
is  then  thought  to  be  the  result  of  a  changing 
E  X  B  force  acting  on  incoming  particles. 
During  typicel  differential  charging  events, 
the  angle  between  the  spin  axis  and  the  local 
magnetic  field  is  about  30°. 

This  phenomenon  occurs  until  the  annual 
precession  of  the  plane  of  the  orbit  tips  the 
spacecraft  far  enough  to  illuminate  the  cavity 
continuously. 

While  the  perpendicular  detector  never 
sees  such  striking  events,  a  non-spin  modu¬ 
lated  notch  is  frequently  seen  in  the  lowest 
energy  electron  channels.  A  possible  explana¬ 
tion  of  this  could  be  a  slight  charging  of 
the  solar  cell  covers  in  sunlight  with  a  dis¬ 
charge  time  long  compared  to  a  spin  period 
(about  .5  sec).  ATS-5  is  a  particularly 
simple  spacecraft  in  exterior  configuration, 
and  that  probably  simplifies  differential 
charging  problems  for  the  perpendicular  detec¬ 
tor,  bu.t  differential  charging  might  be  ex¬ 
pected  on  any  spacecraft  operating  in  the 
outer  magnetosphere,  depending  on  its  config¬ 
uration  and  orientation  to  the  sun.  This  is 
particularly  important  when  measuring  plasma 
flows  by  looking  at  modulations  in  a  spinning 
detector. 

The  magnitudes  of  electric  fields  pro¬ 
duced  in  the  vicinity  of  the  parallel  detec¬ 
tors  can  be  estimated  to  be  of  the  order  of 
thousands  of  volte,  per  meter. 

Ill  SHADOW  -  Figure  10  shows  the  parallel 
detector's  response  during  an  eclipse.  No 


particles  are  seen  below  the  cutoff  energy. 
However,  in  Figure  11  we  see  the  perpendicular 
data  taken  at  the  same  time,  and  there  is  a 
definite  peak  in  counting  rate  below  the 
cutoff.  Figure  12  shows  four  scans  taken 
during  the  event.  The  presence  of  these 
particles  is  particularly  difficult  to  explain 
since  they  do  not  occur  on  every  charging 
(cf.  Figure  5).  They  have  too  high  a  flux  to 
have  been  created  by  ionizing  neutrals  in  the 
vicinity  of  the  spacecraft.  Elastic  scatter¬ 
ing  of  ior.s  near  the  spacecraft  is  also  much 
too  weak  a  source.  The  most  likely  candidate 
at  this  time  seems  to  be  particles  sputtered 
from  surfaces  of  the  spacecraft  which  are  not 
at  the  same  potential  as  the  main  body.  Data 
on  sputtering  (10)  would  indicate  that  the 
incoming  fluxes  are  strong  enough  to  produce 
these  particles.  However,  the  exact  nature  of 
these  particles  cannot  yet  be  determined,  and 
we  still  have  no  adequate  explanation  of  why 
they  occur  sometimes  and  not  others. 

SUMMARY 

Many  types  of  surface  charging  phenomena 
have  been  seen  on  ATS-5*  Some  have  not  yet 
been  adequately  explained.  At  this  time,  it 
is  known  that  the  spacecraft  can  charge  to 
well  over  10, (XX)  volts  in  eclipse,  and  to 
several  hundreds  of  volts  in  sunlight.  Dif¬ 
ferential  charging  which  produces  fields  of 
at  several  thousands  of  volts  per  meter  have 
also  been  seen.  Time  constants  for  charging 
can  range  from  a  fraction  of  seconds  to  tens 
of  minutes  depending  on  the  surface  being 
charged. 

All  of  these  effects  are  serious  hazards 
to  the  study  of  low-energy  natural  plasmas. 
Particle  optics  and  accessibility  can  become 
hopelessly  snarled  in  these  fields. 

The  possibility  of  subsystem  failure  due 
to  discharge  of  these  potentials  exists,  and 
may  already  have  been  observed  (ll). 

ACKNCWLEDGEMEMT 

Many  fruitfu?.  conversations  with  Prof. 

C.  E.  Mcllwain  have  helped  to  understand  these 
data.  The  work  was  supported  by  NASA  Contract 
NAS  5-10364  and  Grant  NGL  05-005-007 . 

REFERENCES 

* 

1.  S.  E.  DeForer.t,  "Spacecraft  Charging 
at  Synchronous  Orbit,"  J.  Geophys.  Res,  77, 
651,  1972. 

2.  C.  R.  Chappel,  K.  K.  Harris,  and 

G.  W.  Sharp,  "A  Study  of  the  Influence  of  Mag¬ 
netic  Activity  on  the  Location  of  the  Plasma- 
pause  as  Measured  by  OGO  5,"  J  •  Geophys.  Fes. 
75,  50,  1970. 

3.  S.  E.  DeForest,  ar.o  C.  E.  Mcllwain, 
"Plasma  Clouds  in  the  Magnetosphere,"  J. 
Geophys,  Res.  76,  3587,  19’  1« 

4.  L.  A.  Frank,  and  K.  L.  Ackerson, 
"Local  Time  Survey  of  Plasma  at  Low  Altitudes 


161 


■  :-ir.  on  September  20,  l^Q. 


162 


“Sag? 


Over  the  Auroral  Zones,"  J.  Geophys.  Res.  77, 
UU6,  1972. 

5*  S.  E.  DeForest,  "Initial  Results  of 
the  ATS-5  Plasma  Experiment,"  ECS  150,  660, 
1969. 

6.  E.  J.  Sternglass,  "Backscatcering  of 
Kilovolt  Electrons  from  Solids,"  Phys.  Rev. 

95,  345,  1954. 

7.  E.  C.  Whipple,  "The  Equilibrium 
Electric  Potential  of  a  Body  in  the  Upper 
Atmosphere  and  Interplanetary  Space,"  Ph.D. 
thesis,  George  Washington  University, 
Washington,  D.C.  1965;  also  published  as  NASA 
Tech.  Note  X-615-65-296,  1965. 

8.  H.  E.  Hinteregger,  K.  ri.  Demon,  and 
L.  H.  Hall,  "Analysis  of  Photoelec trons  from 
Solar  Extreme  Ultraviolet,  J.  Geophys. 

64,  961,  1959. 

9*  R.  J.  L.  Grard,  "Properties  of  the 
Satellite  Photoelectron  Sheath  Derived  from 
Photoemission  Laboratory  Measurements"  sub¬ 
mitted  to  J.  Geophys.  Pes,,  1972. 

10.  J.  Strong,  "Procedures  in  Experi¬ 
mental  Physics,  Prentice-Hall,  Englewoodcliff% 
N.J..  1938. 

11,  R.  Fredricns,  and  F.  Scarf,  'Observa¬ 
tions  of  Spacecraft  Charging  Effects  in  Ener¬ 
getic  Plasma  Regions, "  presented  at  ESLAB 
Symposium  on  Photon  and  Particle  Interaction 
with  Surfaces  in  Space,  Noordwijk,  Holland, 
1972. 


1  6  5 


Electrostatic  Charges  Acquired  by  Spacecraft 
and  Their  Possible  Effects  on  Instruments 

Elden  C.  Whipple,  Jr. 

National  Oceanic  and  Atmospheric  Administration 
ABSTRACT 

O.’he  important  charging  mechanisms  for  a 
spacecraft  in  the  ionosphere  are  the  collec¬ 
tion  of  ions  and  electrons  from  the  iono¬ 
spheric  plasma.  Er:pected  and  measured  space¬ 
craft  potentials  (measured  with  respect  to  the 
ambient  plasma)  are  on  the  order  of  the  equi¬ 
valent  electron  temperature,  namely,  a  few 
tenths  of  a  volt  negative.  At  higher  alti¬ 
tudes  where  the  plasma  density  is  lower,  photo- 
emission  of  electrons  caused  by  sunlight 
drives  spacecraft  potentials  positive.  Other 
mechanisms  that  can  at  times  affect  spacecraft 
charges  are  secondary  emission  of  electrons, 
the  induced  electric  field  caused  by  space¬ 
craft  motion  in  the  earth's  magnetic  field, 
and  electric  fields  on  exposed  spacecraft 
surfaces.  Large  negative  potentials  have  been 
observed  during  magnetic  storms  in  the  earth's 
shadow  and  have  been  attributed  to  the  effect 
of  large  fluxes  of  energetic  electrons.  Space¬ 
craft  potentials  must  be  taken  into  account  in 
the  design  and  interpretation  cf  charged  par¬ 
ticle  experiments  in  the  upper  atmosphere. 

THE  SPACECRAFT  ENVIRONMENT 

THE  ELECTROSTATIC  CHARGE  acquired  by  a 
spacecraft  is  determined  primarily  by  the 
spacecraft  environment.  The  lowest  altitude 
at  which  a  satellite  can  be  maintained  is 
about  250  km  (about  150  miles),  and  at  this 
altitude  the  environment  is  characterized  by 
an  extremely  low  atmospheric  pressure,  about 
10'19  atmospheres.  Yet  in  spite  of  the  rare¬ 
fied  nature  of  the  environment  compared  to  the 
atmosphere  at  the  surface  of  the  earth,  it  is 
primarily  the  interaction  of  the  spacecraft 
with  that  fraction  of  the  environmental 
particles  that  are  charged  that  determines 
the  electrostatic  charge  acquired  by  the 
spacecraft . 

Ir.  addition  to  the  low  atmospheric 
density,  the  spacecraft  environment  is  charac¬ 
terized  by  sunlight,  except  of  course  for  that 
part  of  the  satellite  orbit  which  is  in  the 
earth's  shadow.  The  flux  of  solar  photons 
includes  ultraviolet  and  x-ray  wavelengths 
which  are  absent  at  the  earth’s  surface 
because  of  the  absorbing  effect  of  the  denser 
portions  of  the  earth's  atmosphere.  These 
shorter  wavelengths  of  the  solar  spectrum  are 
responsible  for  producing  the  charged  parti¬ 
cles,  ions  and  electrons,  which  constitute  the 
ionosphere  at  satellite  altitudes.  The  number 
density  of  ions  or  electrons  ranges  from  about 
lCr/cm^  at  the  peak  of  the  ionosphere  (300  km) 
to  about  l/cm3  in  the  earth’s  magnetosphere. 

In  addition  to  their  ionizing  action,  these 
energetic  photons  can  affect  the  spacecraft 


charge  directly,  by  knocking  electrons  out  of 
the  surface  material  when  they  impact.  At 
higher  altitudes  where  atmospheric  particle 
densities  are  extremely  low,  this  phencxnenon 
of  photoemission  can  be  the  dominant  mechanism 
in  determining  the  spacecraft  charge. 

The  temperature  of  the  atmosphere  at 
these  altitudes  is  on  the  order  of  lOOCK.  It 
is  convenient  to  use  the  electron-volt  (eV)  as 
an  energy  unit.  On  this  scale,  the  atmos¬ 
pheric  particles  have  energies  of  about  0.1  eV 
and  are  frequently  called  thermal  particles. 

In  contrast,  there  are  energetic  particles 
present  in  the  Van  Allen  belts  and  in  the  mag¬ 
netosphere  with  energies  of  thousands  (keV) 
and  millions  (MeV)  of  electron-volts. 

Although  the  fluxes  of  particles  with  these 
large  energies  are  usually  small  compared  to 
the  fluxes  of  thermal  particles,  there  are 
times,  especially  at  higher  altitudes  in  the 
magnetosphere,  when  these  energetic  particle 
fluxes  can  affect  spacecraft  charges- 

Finally,  the  motion  of  the  charged  par¬ 
ticles  in  the  spacecraft  environment  is  domin¬ 
ated  by  the  earth’s  magnetic  field,  which  must 
therefore  be  taken  into  account  in  calculating 
the  charge  acquired  by  a  spacecraft.  The  term 
ionosphere  is  used  for  that  part,  of  the  atmos¬ 
phere  where  the  charged  particle  density  is 
controlled  by  collisions  between  the  parti¬ 
cles  as  well  as  by  the  magnetic  field.  Above 
a  few  thousand  kilometers  altitude,  colli¬ 
sions  are  so  infrequent  (the  mean -free -path 
Is  on  the  order  of  or  larger  than  the  dimen¬ 
sions  cf  the  earth)  that  the  charged  particle 
densities  and  fluxes  are  determined  by  the 
earth’s  magnetic  field  and  its  interaction 
with  the  solar  plasma  streaming  fran  the  sun 
(the  solar  wind) .  Hence  the  term  magneto¬ 
sphere  is  used  for  this  outer  portion  of  the 
earth ' s  atmosphere . 

CHARGING  MECHANISMS 

When  an  ion  or  an  electron  strikes  a 
spacecraft  surface,  the  particle  charge  is  in 
general  acquired  by  the  spacecraft .  In  the 
case  of  an  electron  incident  upon  a  metal  sur¬ 
face,  the  electron  is  absorbed  into  the  con¬ 
duction  layer  of  the  metal.  There  is  a  small 
probability  at  thermal  energies,  about  5%, 
that  the  electron  will  be  reflected  before 
absorption.  At  higher  energies  the  electron 
may  be  absorbed  and  then  re-emitted  with 
other  electrons  that  have  been  excited  being 
emitted  also.  The  ratio  of  the  number  of 
emitted  electrons  to  the  number  incident  is 
called  the  "secondary  electron  yield".  A 
typical  yield  curve  versus  energy  of  the 
incident  electrons  is  shown  in  Tigure  1- 

When  an  ion  approaches  a  metal  surface 
it  is  neutralized  at  low  incident  energies  by 
pulling  an  electron  out  of  the  metal  before 
the  surface  is  reached.  The  neutral  atom 
then  strikes  the  surface  and  rebounds,  so 
that  the  net  effect  on  the  metal  is  the 
acquisition  of  one  positive  charge.  Occasion- 
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Fig.  i  -  Secondary  electron  yields  for  aluminum  and  tungsten  on 
electron  iiuyact. 
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ally,  more  than  one  electron  is  pulled  out  of 
the  metal.  The  ratio  of  the  average  number  of 
additional  emitted  electrons  to  the  number  of 
incident  ions  is  called  the  "secondary  yield 
for  ion  impact."  It  is  only  weakly  dependent 
on  the  ion  energy  below  a  few  keV.  At  higher 
energies  the  ion  actually  Impacts  the  metal 
and  a  larger  number  of  electrons  can  be  emitted 
as  a  result.  Some  typical  yields  for  protons 
incident  on  aluminum  and  tungsten  are  shown  in 
Figure  2.  & 

The  behavior  of  charged  particles  incident 
upon  insulating  surfaces  is  less  well  under¬ 
stood.  Electrons  may  be  caught  and  bound  in 
the  surface  layer  of  the  material  at  the  point 
of  impact  until  they  are  released  by  some 
mechanism  such  as  an  incident  ion  The  binding 
forces  and  mobility  of  the  charged  particles  on 
the  surface  are  strongly  dependent  on  the  nat¬ 
ure  of  the  material. 

The  rate  at  which  charged  particles  are 
incident  upon  a  spacecraft  depends  both  upon 
the  number  of  charged  particles  in  the  vicinity 
of  the  spacecraft  and  upon  the  particle  trajec¬ 
tories.  The  particle  trajectories  are  deter¬ 
mined  by  the  thermal  velocities  of  the  parti¬ 
cles  and  by  the  forces  exerted  on  them  by  mag¬ 
netic  and  electric  fields.  Since  the  electric 
field  around  the  spacecraft  depends  not  only 
on  the  charge  on  the  spacecraft  but  also  on 
the  space  charge  distribution  in  the  vicinity 
of  the  spacecraft,  it  is  apparent  that  the 
calculation  of  the  total  ion  or  electron  cur¬ 
rent  is  an  extremely  complicated  problem. 

The  fate  of  electrons  that  are  emitted 
from  spacecraft  due  to  ion  or  electron  impact 
or  to  photoemission  is  also  dependent  upon  the 
local  electric  and  magnetic  fields  as  well  as 
upon  their  Initial  velocity.  If  the  space¬ 
craft  is  charged  positively,  the  emitted  elec¬ 
trons  may  return  to  the  spacecraft  without 
escaping  and  hence  not  contribute  to  the  cur¬ 
rent  balance.  Fhotoescisslon  current  densities 
due  tOgSunlJght  are  on  the  order  of  3  *  10'“ 
amp/crn  (l)  .  The  photoelectrons  are  probably 
emitted  isotropically  with  u  distribution  of 
velocities  corresponding  to  an  energy  of  2  to 
3  eV. 

The  equilibrium  charge  residing  on  a 
spacecraft  is  determined  by  the  condition  t.iat 
there  be  no  net  current  to  the  spacecraft --if 
it  car.  be  assumed  that  the  spacecraft  is  a  con¬ 
ducting  body  at  a  uniform  potential.  If  the 
spacecraft  is  not  a  conducting  body,  then  each 
point  of  the  surface  will  reach  its  own  local 
equilibrium  potential  determined  by  the  condi¬ 
tion  of  zero  current  density  at  each  point. 

The  problem,  then,  of  determining  spacecraft 
charge  involves  calculating  all  the  possible 
currents  to  the  spacecraft  as  a  function  of 
total  charge  on  the  spacecraft ,  and  determining 
^hat  charge  is  required  to  produce  zero  net 
current.  It  is  obvious  that  a  realistic  cal¬ 
culation  will  be  extremely  complicated;  however, 


*  numbers  in  parenthesis  designate  References 
at  end  of  paper. 


fairly  realistic  equilibrium  potentials  can  be 
obtained  with  some  simplifying  assumptions  for 
factors  such  as  the  spacecraft  geometry  and 
material  and  for  the  collected  currents. 

OTHER  FACTORS  AFFECTING  STAGECRAFT  CHARGE 

There  are  a  number  of  other  factors  that 
must  be  taken  into  account  in  considering 
the  charging  mechanisms.  One  of  the  most 
important  of  these  is  the  spacecraft  motion. 

A  typical  satellite  velocity  in  near-earth 
orbit  is  about  8  km/sec.  Typical  thermal  velo¬ 
cities  in  the  ionosphere  are  from  1  to  6  km/sec 
for  ions,  the  lower  velocity  corresponding  to 
oxygen  ions  (0+)  which  dominate  at  the  lower 
altitudes  and  the  higher  velocity  corresponding 
to  protons  (H+)  which  dominate  at  higher  alti¬ 
tudes.  In  contras!.,  the  thermal  velocity  for 
electrons  is  much  higher,  about  200  km/sec. 
Consequently,  a  satellite  is  supersonic  with 
respect  to  the  ions  but  subsonic  with  respect 
to  the  electrons ■  One  result  of  the  satellite 
motion,  tnerefore,  is  an  ion  wake.  The  region 
immediately  behind  the  satellite'  is  depleted 
of  ions,  but  not  depleted  of  electrons.  The 
wake  region  is  a  tall-like  conical  region  of 
negative  space  charge  and  consequently  nega¬ 
tive  potential.  The  extent  and  other  charac¬ 
teristics  of  the  wake  depend  primarily  upon  the 
ion  composition,  but  also  upon  the  magnetic 
field.  Wakes  have  been  detected  behind  space¬ 
craft  (2),  and  some  theoretical  work  has  been 
attempted  with  the  aim  of  calculating  wake 
characteristics  (3)-  It  is  apparent  that  the 
wakt  can  affect  the  collection  of  ions  and 
electrons  to  the  rear  of  a  spacecraft. 

Another  effect  of  spacecraft  motion  is  an 
induced  electric  field  caused  by  the  motion 
of  a  conducting  body  across  the  earth's  mag¬ 
netic  field  lines.  The  induced  field  will 
cause  polarization  such  that  the  field  due  to 
the  polarization  charge  exactly  cancels  the 
induction  fiold  in  the  interior  of  the  body. 

Tbe  polarization  charge,  in  turn,  is  the 
source  of  a  real  field  external  to  and  carried 
along  with  the  body  which  depends  on  the  geo¬ 
metry  and  the  environmental  plasma.  Its 
effect  on  particle  collection  may  be  described 
by  saying  that  the  potential  of  the  surface 
of  the  spacecraft_yaries  lineraly  with  dis¬ 
tance  in  the  V  X  B  direction.  This  effect 
cen  be  particularly  important  if  the  space¬ 
craft  carries  long  antfennas  .  One  end  of  the 
antenna  will  tend  to  be  "pinned”  to  a  poten¬ 
tial  near  the  plasma  potential,  while  the 
other  end  may  reach  a  high  negative  value 
given  by  (7  X  §)•!,  where  L  l^s  tt^e  length  of 
the  antenra.  The  quantity  (V  X  B)  can  be  as 
high  as  0.2  volts/meter,  so  that  long  antennas 
of  several  hundred  meters  such  as  have  been 
used  on  the  topside  sounding  satellites  and 
on  the  radio  astronomy  satellite  can  cause 
large  potential  excursions 

As  mentioned  above,  the  magnetic  field  of 
the  earth  also  affects  particle  collection 
because  of  the  spiral  nature  of  the  charged 
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particle  trajectories  about  the  field  lines 
The  gyroradius  for  electrons  is  a  fev  centi¬ 
meters;  for  ions;  a  few  meters. 

The  influence  of  surface  material  proper¬ 
ties  on  secondary  emission  and  photoeaission 
has  already  been  discussed.  If  a  spacecraft 
has  a  significant  magnetic  moment  or  do  or  rf 
electric  fields  on  exposed  surfaces,  these 
can  also  effect  particle  collection  and  hence 
tne  spacecraft  charge . 

TYPICAL  SPACECRAFT  POT-SMTIALS 

Because  of  the  fact  that  electrons  have 
higher  thermal  velocities  than  ions,  there  is 
a  larger  f)ux  of  electrons  than  ions  from  the 
ionospheric  plasma  to  a  body  such  as  a  space¬ 
craft.  Hence  a  negative  charge  is  acc>uslated 
until  enough  electrons  art  repelled  that,  the 
electron  and  ion  currents  are  equal.  To  a 
good  approximation,  except  in  the  wake  region, 
the  electron  current  densi  y  to  a  negatively 
charged  body  at  a  potential  V  is  given  by 

J_  =  ne(kT/2m_)<  >xp(Ve/kT)  (l) 

vher ;  r  is  the  local  electron  density  and 
the  temperature  (e  is  the  unit  charge,  k  is 
Boltzmann's  constant  and  m  the  electron  c  iss). 
The  coefficient  of  the  exponential  function  is 
called  the  random  current  density  and  would  be 
the  current  density  of  electrons  to  an 
uncharged  surface.  At  the  peak  Of  the  iono¬ 
sphere  it  ir  on  the  cr of  10"°  to  10" ' 
arap/cm  .  Because  of  the  heavier  ion  mass  and 
consequent  lower  thermal  velocity,  the  ion 
random  current  density  is  about  an  order  of 
magnitude  smaller,  but  is  still  quite  a  bit 
largur  than  the  photoeaission  current  dersii.y 
of  about  3  x  10'°  pmp/cm2.  Fence  photoeaission 
«?  'f.ts  can  be  disregarded  throughout  a  large 
pure  of  the  .onosphere. 

Tne  Sx_ple  exponential  dependence  of  the 
electron  current  density  on  potential  j.8  due 
to  two  things;  first,  the  large  there!,  velo¬ 
city  of  the  electrons  compared  to  the  satel¬ 
lite  velocity  means  that  the  satellite  can 
essentially  be  regarded  as  being  at  rest;  the 
electron  velocities  are  isotropic  in  the  satel¬ 
lite  reference  frame.  Second,  the  calculation 
of  currents  in  a  repulsive  force  fisld  is  much 
mors  straightforward  than  for  attractive  force- 
fields  because  space  charge  effects  can  in 
general  be  disregarded.  Neitner  of  these  fac¬ 
tors  is  true  for  the  ions  which  means  that  the 
ion  current  calculation  is  much  more  compli¬ 
cated  and  in  general  must  be  done  numerically 
An  approximate  expression  that  is  valid  for 
small  potentials  and  large  Mach  numbers  is  the 
so-called  rpm  current  expression  that  describes 
the  current  that  would  be  collected  by  a  body 
sweeping  up  all  the  ions  in  its  path  if  the 
ions  were  stationary: 

I+  =  n  e  vg  A  (2) 

In  this  expression,  vg  is  the  satellite  vs to- 


city  and  A  is  the  cross-sectional  area  of  the 
satellite  in  the  direction  of  motion. 

The  effect  of  a;  attractive  potential  is 
to  increase  the  effective  cress -section  of  the 
spacecraft.  The  effectiveness  of  the  poten¬ 
tial  in  "reaching  out"  and  pulling  in  addi¬ 
tional  ion3  is  best  described  through  the  con¬ 
cept  of  the  "Debye  Length"  which  is  a  measure 
of  the  distance  over  which  a  charge  is  shielded 
in  a  plasma.  The  larger  the  Debye  length,  the 
more  effective  is  the  potential ,  with  an 
infinite  Debye  length  corresponding  to  an 
unshielded  Couloab  field  A6  the  electron  den¬ 
sity  decreases,  the  liebye  length  increases 
according  to  the  relation 

L  •=  ( e_kT/ne2)^  (3) 

where-  c  if  the  free  space  permittivity.  In 
the  upper-  atmosphere  the  Debye  length  ranges 
from  a  few  mm  in  the  ionosphere  to  severe!, 
maters  in  the  magnetosphere.  An  accurate  cal- 
v elation  for  the  ion  current  to  an  attractive 
body  in  a  plasma  has  only  been  done  for  spheres 
and  cylinders  at  rest  by  Laframtoise  (4) .  A 
convenient  approximation  that  has  baen  ‘used 
assumes  a  spherically  symmetric  Debye  poten¬ 
tial  distribution, 

V(r)  «  Vs  (R/r)  expfl'k- -)/[,}  (4) 

ana  then  employs  the  results  of  icn  trajectory 
calculations  to  obtain  ion  current  densities. 
Some  typical  ion  current -voltage  curves  for 
various  ratios  of  the  Debys  length  to  the 
body  radius  are  shown  in  Figure  3- 

If  the  total  electron  and  ion  c'ir rents 
from  expressions  such  as  (l)  and  (2)  are 
equated,  it  can  be  seen  that  the  equilibrium 
potential  is  negative  and  is  given  very  nearly 
oy  the  equivalent  electron  temperature  multi¬ 
plied  by  a  logarithmic  function  that  is  near 
unity  and  only  weakly  dependent  on  other 
factors.  Since  tne  electron  temperature  is 
about  0.1  eV,  spacecraft  potentials  should 
also  be  typically  a  few  tenths  of  a  volt 
negative.  This  is  indeed  the  magnitude  of 
potentials  that  have  generally  been  measured 
on  spacecraft  near  the  earth.  Table  1  lists 
some  measurements  of  spacecraft  potential 
Most  of  the  satellites  in  this  table  which 
show  larger  or  positive  potentials  were  either 
in  orbits  that  took  them  well  into  the  mag¬ 
netosphere  or  solar  wind,  or  else  had  long 
ar.tennar,  or  surfaces  where  electric  fields 
were  exposed  to  the  plasma.  In  the  outer 
ionosphere  or  in  the  magnetosphere  where  the 
thermal  plasma  density  is  .lew.  photcerul ssior 
becomes  the  predominant  posit* ve  current  and 
spacecraft  po-cntial ?  tend  to  became  positive. 
All  of  the  positive  potentials  in  Table  1  were 
obtained  on  satelli+'s  with  o.-bit-s  that  took 
them  well  into  the  magnetosphere  or  into 
interplanetary  space. 

Charging  currents  due  to  fluxes  of  ener¬ 
getic  particles  are  generally  smaller  than 
ohot,  emission  currents  and  would  not  affect. 
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Normalized  Potential 


SOME  MEASUREMENTS  OF  SATELLITE  POTENTIAL 


Satellite 

Launch  Date 

Experiment 

Satellite  Potential  &  Comments 

Sputnik  3 

5/15/58 

Ion  Traps 

Negative  to  -0  volts 

Explorer  8 

11/3/60 

Icn  &  Electron  Traps 

Normal  No  solar  cells,  some  effect  from 
r.l.  probe 

Discoverer  32 

10/13/61 

Ion  Trap 

Normal- 

Cosmos  2 

4/6/62 

Langmuir  Probe 
&  Ion  Traps 

Negative  potential  increased  Dy  positive 
potentials  on  outer  grids  ot  traps. 

Air  Force  Satellite 

4/17/62- 

Ion  Trap 

Negative  to  -20  volts 

Ariel  1 

4/26/62 

Langmuir  Probes 

Normal'  up  to  -1.0  volt 

Explorer  17 

4/3/63 

Langmuir  Probe 

Net  me!'  up  to  - 1. 0  volt  at  night 

Tiros  7 

6/19/63 

Langmuir  Probe 

Normal'.  Negative  solar  ceils. 

IMP  AtEx.pt,  18) 

11/27/63 

Electron  Trap 

1-2  volts  positive,  Positive  solar  cells 

Explorer  20 

8/25/64 

Langmuir  Probe 

Negative  to  -S  volts.  Positive  solar  cells 

0G01 

9/5/64 

l&£  Traps 

Mass  Specir. 

Negative  to  -15  volts.  Positive  solar  cells 

IMP  BlExpl.  21) 

10/4/64 

Electron  Trap 

1-2  volts  positive.  Positive  solar  cells 

Explorer  22 

10/10/64 

Langmuir  Probe 

Negative,  exceeding  -4  volts  at  times. 

Some  positive  solar  cells 

Explorer  27 

4/29/65 

Langmuir  Probe 

Negative  to  -8  volts.  Some  solar  cell 
terminals  coated 

IMP  ClExpl.  28) 

5/29/65 

Electron  Trap 

1-2  volts  positive.  Positive  solar  cells. 

0G0  2 

10/14/65 

Ion.  Electron  Trap 
Mass  Spedr. 

Negative  to  -3  volts,  solar  cell  terminals 
coaled. 

'"Normal"  means  a  lew  tenths  of  a  volt  negative  near  the  earth. 


spacecraft  potentials  appreciably  if  the  space¬ 
craft  were  in  sunlight.  However,  magnetic 
storms  can  increase  the  fluxer  of  energetic 
particles  and  affect  satellite  potentials. 

There  have  been  cases  of  satellites  in  the  mag¬ 
netosphere  tnat  experienced  very  large  negative 
potentials  when  they  entered  the  earth ’s  shadow. 
DeForest  (5)  measured  a  potential  as  large  as 
104  volts  negative  on  ATS-5  during  simultaneous 
magnetic  storm  and  eclipse  conditions .  Frank 
(6)  has  reported  fluctuations  of  several  hun¬ 
dred  volts  in  particle  energies  measured  with 
an  instrument  on  IMP-5  which  he  attributes  to 
spacecraft  potential  fluctuations.  Scarf  (7) 
has  suggested  that  there  1„  evidence  from  some 
satellites  in  the  magnetosphere  that  differen¬ 
tial  charging  has  occured  on  different  insu¬ 
lated  portions  of  the  spacecraft  such  that 
electric  fields  as  ltu6e  as  kilovolts/meter 
occur  between  different  portions  of  the  space¬ 
craft  . 


EFFECTS  OF  SPACECRAFT  CHARGE  ON  MEASUREMENTS 

One  of  the  most  obvious  effects  of  space¬ 
craft  charge  on  measurements  is  shown  in  Fig¬ 
ure  s  b  and  5  where  the  ion  current  collected 
by  an  ion  trap  on  the  OGO-1  satellite  is 
plotted  against  the  retarding  potential  ap¬ 
plied  to  one  of  the  grids  of  the  trap.  The 
ion  trap  is  essentially  similar  to  a  conven¬ 
tional  vacuum  tube  with  the  ionospheric  plasma 
acting  as  a  cathode  in  providing  ions  and 
electrons.  One  or  more  grids  are  applied  with 
a  potential  which  selects  the  Ions  or  elec¬ 
trons  that  can  reach  the  collector  according 
to  their  energy,  so  that  the  current -voltage 
curve  yields  information  about  the  energy  and 
number  density  of  the  particles  in  the  plasma. 
In  Figure  b  the  spacecraft  is  in  the  earth 's 
shadow,  and  the  ion  current  falls  rapidly  to 
a  background  value  when  the  retarding  poten¬ 
tial  reaches  about  2  volts.  Five  minutes 
later,  as  shown  In  Figure  5-  the  spacecraft 
is  in  sunlight ,  and  now  the  icn  current  does 
not  cut  off  until  the  retarding  potential 
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r*aeh*  s  about  14  volts .  The  peak  in  current 
a*.  iZ  volts  is  due  to  photoemission  from  the 
grids  and  collector.  The  spacecraft  potential 
he*,  changed  by  about  12  volts  in  a  negative 
direction  as  the  satellite  moved  from  darkness 
into  sunlight,  and  the  current -voltage  curve 
has  beer,  shifted  along  the  voltage  axis  by  a 
corresponding  amount,  j.ny  kind  of  ion  or  elec¬ 
tron  collector  will  see  an  apparent  shift  of 
the  energy  of  the  particles  by  an  amount  cor¬ 
responding  to  the  spacecraft  potential  shift, 
and  this  effect  is  what  has  been  used  to  infer 
the  spacecraft  potentials  in  Table  1.  In  this 
particular  example,  the  potential  shift  is  not 
due  to  photoemission,  but  to  the  effec+  efr 
solar  cell  paddles  in  acting  as  electron  col¬ 
lectors  when  they  reached  their  fu.,1  potential 
in  stmlight.  Figure  6  illustrates  how  the  cut¬ 
off  potential  for  the  ions  changes  as  the 
satellite  moves  further  out  in  the  magneto¬ 
sphere.  The  spacecraft  potential  becomes  less 
negative  as  photoemission  becomes  more  impor¬ 
tant  at  higher  altitudes  and  the  cut-off  poten¬ 
tial  moves  to  lower  values .  It  is  possible 
that  some  of  the  steep  gradients  in  ion  den¬ 
sity  that  have  been  reported  in  the  outer 
ionosphere  (8)  are  partially  a  result  of  de¬ 
creasing  ion  currents  caused  by  an  increasing 
positive  spacecraft  potential. 

If  the  plasma  particles  have  low  kinetic 
energies  it  is  possible  that  none  will  be  col¬ 
lected  at  all  by  an  instrument .  Hoffman  (9) 
found  that  at  times  n'or  apogee  the  Explorer 
31  spececraft  potential  becomes  positive,  so 
that  ro  positive  ions  reached  his  ion  mas3 
spectrometer  in  spite  of  a  -6  volt  drawing-in 
potential  on  his  aperture  grid.  Narcisi  et 
el.  (10)  experienced  a  similar  result  for  nega¬ 
tive  ions  on  c  rocket  flignt  when  the  rocket 
potential  was  about  -0-5  volts.  Conversely, 
an  attractive  spacecraft  potential  may  enhance 
the  collected  current  significantly  so  that  it 
becomes  difficult  to  relate  the  measured  cur¬ 
rent.  to  the  ion  density  in  the  plasma.  Figure 
7  i  J.ustrates  the  helium  ion  current  enhance¬ 
ment  by  a  -6  volt  spacecraft  potential  (ll). 

The  ion  current  can  be  increased  by  almost  two 
orders  of  magnitude  when  the  experiment  is 
facing  the  direction  of  motion,  and  by  much 
more  than  this  at  other  angles.  These  results 
were  obtained  by  numerical  calculation  of  ion 
trajectories  for  an  infinite  Debye  length. 
However,  even  at  Dsbye  lengths  as  small  as  10 
cm  there  can  still  be  an  enhancement  of  the 
ion  current  of  a  factor  of  3  at  small  angles 
of  attack  to  more  than  c.n  order  of  magnitude 
at  large  angles- 

At  the  large  spacecraft  potentials  re¬ 
ported  by  DeForest  of  hundreds  and  even  thou¬ 
sands  of  volts  it  is  easy  to  imagine  instru¬ 
mental  effects  such  as  breakdown  of  insulators 
or  corona  discharges  through  .escaping  gases 
near  outgasing  materials .  Such  phenomena  could 
occur  even  more  easily  if  different  portions 
of  the  spacecraft  which  are  electrically  iso¬ 
lated  cnarge  to  different  potentials- 

Finally,  it  is  possible  to  speculate 
about  what  might  happen  to  a  spacecraft  sent 


to  the  vicinity  of  tne  planet  Jupiter  where 
there  are  probably  large  electron  fluxee  with 
energies  of  several  MeV.  On  the  dark  side  of 
the  planet  in  its  outer  atmosphere  where  the 
density  of  the  thermal  plasma  is  low,  it  is 
possible  thst  spacecraft  potentials  would  be 
oi  the  order  of  millions  of  volts. 
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Session  introduction  -  Aircraft  i 

C.L  Weinstock,  McDonnell  Aircraft  Company 

This  session  comprises  the  significant  phases  of  lightning  interaction  v>  ith  the  total  a*/  vehicle.  Various  types  of 
air  vehicles,  *uch  as  commercial,  genera!  aviation,  military  aircraft  and  helicopters  are  addressed.  The  session 
includes  the  fundamental  aspects  of  the  lightning/aircraft  relationship  m  the  papers  on  lightning  mechanisms  and 
lightning  triggering.  The  session  <#jso  covers  attach  point  studies,  design  and  application  of  lightning  protective 
systems,  testing  programs  and  statistical  surveys  of  lightning  strike  incidents. 

A  few  years  ago  there  was  an  aura  of  mystery  surrounding  aircraft  lightning  protection.  Now  analytic  methods  are 
being  developed  leading  to  a  better  understanding  of  the  various  lightning  and  static  electricity  parameters.  As  a  result 
of  this,  certain  testing  methods  can  be  shown  to  be  more  accurate  than  others.  As  an  example,  the  use  of  ungrounded 
models  for  attach  point  testing  may  be  more  valid  than  the  use  of  grounded  models.  Thus  analytic  methods  provide  an 
important  complementary  too!  to  lightning  simulation  testing.  Using  n  analytic  approach  will  not  eliminate  full-scale 
testing  or  even  model  tests  However  it  will  provide  a  systematic  means  to  reduce  the  amount  of  experimentation 
required  in  a  parametric  study,  and  to  restrict  and  concentrate  the  testing  to  these  areas  expected  to  be  most  beneficial, 
It  wil!  also  provide  for  belter  interpretation  of  the  test  data.  A  compilation  of  data  describing  natural  lightning  is  now 
available  and  should  be  valuable  in  improving  laboratory  lightning  simulation,  and  complete  strike  histories  are  being 
tabulated  which  can  be  related  back  to  analysis,  design  ami  test  methods.  Thus  significant  progress  in  the  solution  of 
aireraft/hghtr.ing  situations  has  been  made  since  the  last  conference,  and  some  of  these  accomplishments  are  presented 
ifl  this  session. 
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Triggered  Lightning  and  Its  Application 
to  Rockets  and  Aircraft 


Edward  T.  Pierce 
Stanford  Research  Institute 

ABSTRACT 

Man  can  modify  the  natural  environment  in 
many  ways  that  can  initiate  lightning;  among 
these  are  discharges  triggered  by  high-rise 
buildings,  by  rockets,  by  aircraft,  and  so  on. 

It  is  shown  thut  almost  all  incidents  of  trig¬ 
gered  lightning  occur  when  tho  ambient  field 
is  some  10  kV/m  or  more,  and  the  potential  dis¬ 
continuity  between  the  conductor  initiating  the 
lightning  and  the  adjacent  atmosphere  approaches 
a  million  volts.  Some  instances  wit!,  aircraft, 
however,  diverge  from  the  second  criterion;  the 
importance  of  self-charge  is  considered  in  this 
respect.  An  assessment  is  made  of  the  chances 
of  triggered  lightning  occurring  during  opera¬ 
tions  involving  aircraft  and  rockets. 

NATURAL  LIGHTNING  is  believed  to  demand  two 
conditions  for  its  occurrence.  Firstly,  there 
must  be  a  generally  strong  electrification 
within  a  cited,  with  electric  fields  exceeding 
10  l:V./m  being  typical.  Secondly,  thi3  electri¬ 
fication  must  be  substantially  intensified 
locally  by  various  pivsical  processes,  thus 
producing  electric  fields  sufficiently  large 
for  streamer — and  therefore  lightning — initia¬ 
tion  (1)  .  Both  conditions  appear  to  be  neces¬ 
sary  for  lightning  occurrence;  the  local  "hot¬ 
spot"  is  essential  for  initial  breakdown,  while 
the  resulting  streamer  can  propagate  and  develop 
into  a  lull-scale  discharge  only  if  the  general 
ambient  electric  field  is  high. 

Triggered  lightning  seems  to  obey  the  same 
criteria  as  ordinary  lightning  (2).  In  almost 
all  instances  of  triggered  lightning,  natural 
electrification  processes  provide  the  high 
ambient  fields,  but  the  necessary  field  concen¬ 
tration  for  Initiation  or  triggering  is  caused 
by  man.  Typically,  the  extremity  of  some  man¬ 
made  conducting  object  is  the  point  at  which 
the  field  concentration  occurs. 

It  is  convenient  to  differentiate  between 
triggered  ligttning,  occurring  when  the  object 
is  electrically  connected  tc  the  ground  (e.g.. 
a  high-rise  building) ,  and  that  taking  place 
when  the  object  is  in  free  flight,  isolated 
from  tho  north  (e.g.,  aircraft  and  rockets). 


* 

Numbers  In  parentheses  designate  References 
at  end  of  paper. 


TRIGGERED  LIGHTNING — OBJECTS  IN  CONTACT 
WITH  GROUND 

Figure  1  illustrates  some  realized  (and 
one  possible)  occurrences  FI  .shes  initiated 
by  high-rise  buildings  (Figure  la)  take  place 
frequently,  while  Instances  of  wire-i  a r lying 
rocket  (Figure  lc)  and  depth-charge  (Figure  Id) 
triggering  have  occurred;  examples  of  all  three 
typos  of  initiation  are  shown  in  Figure  2a,  b, 
and  c.  The  cargo-helicopter  example  (Figure  lb) 
has  never  actually  been  reported  os  occurring. 
However,  as  Solak  (3)  has  indicated,  it  could 
quite  possibly  take  place  when  a  helicopter 
operating  in  a  thundery  environment  is  approach¬ 
ing  the  ground.  Equipotentiala  are  shown  on 
Figure  1;  the  region  of  field  intensification, 
where  initial  breakdown  Is  most  likely  to  occur, 
is  of  course  at  tho  extremity  of  the  object 
where  the  equipotentials  approach  each  other 
most  closely. 

It  has  already  been  suggested  that  two 
conditions — a  high  general  ambient  field  and  a 
local  intensification  of  that  field — are  neces¬ 
sary  fur  lightning  occurrence.  Estimates  of 
the  ambient  field,  EQ,  are  readily  made  for 
many  Instances  of  triggered  lightning;  these 
are  based  on  measurements  made  either  at  the 
time  of  the  incidents  or  ar.der  comparable  con¬ 
ditions.  A  quantitative  measure  of  the  effec¬ 
tive  degree  of  field  intensification  is  more 
difficult  to  define,  since  the  morphology  of 
the  field  distribution  around  a  pointed  con¬ 
ductor  depends  on  the  geometry  of  the  conduct¬ 
ing  surface.  However,  a  convenient  indicator 
of  the  intensification  is  tho  voltage  dif¬ 
ference,  Vjj,  between  tne  ground  and  the  unper¬ 
turbed  atmosphere  at  the  height,  H,  of  the  ob¬ 
ject  triggering  the  lightning;  vy  effectively 
represents  the  volti ge  discontinuity  between 
the  tip  of  the  object  and  the  adjacent  atmo¬ 
sphere.  If  the  electric  field  is  ”<srtieolly 
directed  and  given  by  E^  at.  height,  h,  above 
the  ground,  then 

H 

V  (H)  =  f  E  •  dh  . 

D  J  t 

o 

It  is  generally  believed  that  under  thundery 
conditions  Eh  will  increase  with  height,  al¬ 
though  ovidonce  on  the  amount  of  the  increase 
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INSTANCES  OF  TRIGGERED  LIGHTNING 
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ip  uncertain. 

The  well-instrumented  experiments  of  New¬ 
man  and  his  collaborators  (4,5)  on  lightning 
triggering  by  rocket-borne  wires,  yield  accu¬ 
rate  estimates  for  S  and  V_.  For  the  dopth- 

3 

charge  event  (6)  the  height  of  the  water-column 
at  tho  time  of  triggering  (in  other  wonls,  H) 
is  known,  and,  by  analogy  with  the  rocket-borne 
wire  incidents,  E^  and  Vu  can  be  deduced.  In 
tho  case  of  discharges  initiated  from  tall  ob¬ 
jects,  values  of  E^  and  VD  can  be  derived  for 
specific  structures  such  as  the  Empire  State 
Building  (7)  and  the  towers  on  Monte  San 
Salvatore  (8);  in  the  latter  case  the  effective 
height  of  the  towers  is  much  increased  by  tho 
configuration  of  the  mountain  (2). 

The  statistics  of  discharges  involving 
tall  towers  and  hlgh-ilse  buildings  can  be 
manipulated  to  give  valuos  of  Ea  and  Vp. 

Figure  3  based  on  the  available  data  (3), 
shows  that  triggered  flashes  initiated  by  up¬ 
ward  leaders  from  tall  structures  do  not  occur 
for  structures  with  heights  l.»ss  than  about 
ISO  m.  Since  tne  ground- level  field  below  a 
thundercloud  rarely  exceeds  10  kv/m,  it  follows 
that  the  critical  values  of  10  kV/m  and  150  ra 
can  be  associated,  giving  Vp  =  ISO  x  10  kV 
=  1.5  MV  (assuming  no  increase  of  field  with 
height).  It  is  possible  to  analyze  the  statis¬ 
tical  data  on  f lold-magnitude  distributions, 
aed  on  lightning  strikes  to  high  structures,  in 
much  greater  depth;  such  analysis  enables,  for 
example,  the  strike  probability — whether  by 
triggered  or  natural  lightning— »o  be  assessed 
at  any  time  for  a  structure  of  given  height 
located  anywhere  In  tho  world  (9,  and  unpub¬ 
lished  work). 

Figure  2d  shows  a  very  unusual  incident; 
it  is  of  light-.ing  initiated  from  instrumenta¬ 
tion  towers  following  the  first  thermonuclear 
e:  plosion  in  1952.  This  type  of  triggered 
lightning  differs  from  all  others  in  that  not 
only  the  local  field  intensification  but  also 
rhe  general  electrification  is  mar -made,  being 
caused  by  gamma  rays  generated  in  the  explosion 
(10», 

TRIGGERED  LIGHTNING — OBJECTS  In  FLIGHT 

Flguro  4  illustrates,  in  a  manner  similar 
to  that  of  Figure  I,  how  lightning  can  be 
initiated  by  aircraft  and  rockets.  However, 
the  representations  are  probably  far  loss  real¬ 
istic  than  those  of  Figure  1.  Specifically 

diagrams  of  Figure  4  assume  that  the  objects 
are  in  electrical  equilibrium  with  thair  sur¬ 
roundings  so  that  there  is  no  potential  differ¬ 
ence  between  the  mld-planea  of  the  aircraft  (and 
of  the  rocket-exhaust  combination)  and  the  adja¬ 
cent  ataosphoro ;  in  other  words,  the  object  Use 


on  the  appropriate  median  cqulpotentlal .  It  is 
unlikely  that  this  equilibrium  situation  will 
ever  be  attained  or  oven  approached.  The  natu¬ 
ral  conductivity  of  ths  atmosphere  is  not  great, 
so  that  if  a  conducting  body  is  suddenly  intro¬ 
duced  it  takes  a  c  .ostantial  time  before  electri¬ 
cal  equilibrium  Is  achieved.  Furthermore,  tho 
equilibrium  situation  varies  with  position  and 
especially  altitude;  thus  an  ascending  rocket 
or  aircraft  will  be  perpetually  attempting  an 
adjustment  that  is  never  realized.  Most  impor¬ 
tant  of  all,  aircraft  and  rockets  experience 
substantial  and  variable  charging  currents  due 
to  engine  action  and  encounters  wi  n  atmospheric 
particles;  thu  resulting  changing  self-charge 
almost  guarantees  that  the. e  can  never  be  exact 
electrical  harmony  with  .he  surrounding  atmo¬ 
sphere. 

Estimates  of  .  •-■  al  ambient  field,  Ea, 

are  available  ‘  *  -  -  .’a!  .*f  tho  triggered 

lightning  t.  .'ving  aircraft  and 

rockets.  The  >  of  Figure  4  are — admitted¬ 

ly — proh.  oly  incorrect,  but  there  is  no  obvious 
simple  way  in  which  these  mode’s  can  bo  made 
truly  more  realistic  as  regards  typical  condi¬ 
tions.  If  we  adopt  the  diagrams  of  Figure  4, 
then  the  voltage  discontinuity  VD  is  approxi¬ 
mately  1/2CEJ.)  where  £  is  the  length  of  the 
conductor  Involved.  If  the  ambient  field  is 
horizontally  directed  (Figure  4c)  we  have 
VD  as  l/2(Ea£fl)  whore  £h  is  the  horizontal  dimen¬ 
sion;  in  the  case  of  a  vertical  ambient  field 
(Figure  4a  and  4b)  we  have,  correspondingly, 

VD  s»  l/2(Elt£v).  Note  that  in  the  case  of  a 
rocket  the  .length  i3  effectively  extended  by  tho 
conducting  plume. 

The  best  known  triggered  lightning  inci¬ 
dents  involving  rockets  are  the  strikes  shortly 
after  the  launch  of  the  Apollo  12  space  vehicle. 
This  launch  was  made  into  clouds  that,  although 
not  ictive  thunderclouds,  were  undoubtedly 
str  igly  electrified.  Surface  fields  of  a  few 

were  being  experienced  (5),  and  allowing 
for  some  field  itcreaae  with  height  it  is  pro¬ 
bable  that  Ea  within  the  clouds  was  at  least 
10  kV/m.  The  actual  length— 110  m — of  the 
vehicle  is  augmented  electrically  by  pernaps 
some  TOO  ra  of  conducting  exhaust  plume  (2,  11/, 
thus  giving  an  effective  electrical  length  of 
about  400  m;  hence,  can  be  estimated. 

Although  reports  of  aircraft  being  struck 
by  lightning  are  common,  it  cannot  usually  be 
determined  whether  or  not  the  flash  was  trig¬ 
gered  by  the  aircrrft.  However,  there  are  at 
least  two  occasions  of  lightning  (12,  13)  when 
well-instrumented  a.rcraft  on  research  fllgh.c 
were  penetrating  dissipating  thunderclouds  that 
wore  no  longer  producing  lightning.  The  only 
flashes  that-  occurred  during  these  penetrations 
were  to  the  aircraft,  and  there  seems  no  doubt 
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Table  1  -  Triggered  Lightning  Incidents 


Type  of  Incident 

Ambient  Field,  E 
(kV/m)  8 

Conductor  Dimension 
— Height  or  Length  (m) 

Voltage  Discontinuity,  V 
(MV  =  106  V) 

Objects  Connected  to  Ground 

•  Rocket  trailing  wire 

18 

100  to  300 

1.8  to  5.4 

•  Depth-charge  incident 

10  to  20  (?) 

70 

0.7  to  1.4 

•  Empire  State  Building 

5 

380 

1.9 

•  Monte  San  Salvatore  Tower 

2  3 

~  270* 

2  0.8 

•  Statistics  of  flashes 

2  10 

~  150 

2  1.5 

to  tali  structures 

•  Thermonuclear  explosions 

~  30 

~  10 

~  0.3 

Objects  in  Flight 

•  Apollo  12  Rocket 

2  10 

~  400** 

2  2.0 

•  F-100 

30  (vertical) 

6  (vertical) 

0.09 

6  (horizontal) 

15  (norlzontal) 

0.045 

(Pads  contribution  due  to 

self-charge  on  aircraft — 

indicated  as  ~  1.9  MV) 

•  DC-6 

16  (vertical) 

9  (vertical) 

0.072 

2  (horizontal) 

36  (horizontal) 

0.036 

(Plus  contribution  due  to 

self-charge  on  aircraft) 

* 

Effectively  extender*  by  shape  of  mountain. 


** 

With  allowance  for  conducting  exhaust. 


therefore  that  the  aircraft  triggered  the 
flashes.  Both  horizontal  and  vertical  compo¬ 
nents  of  the  ambient  electric  field  were  being 
measured  at  the  time  of  the  strikes,  so  that, 
since  the  dimensions  ox  the  aircraft  are  known, 
Vp  can  be  estimated. 

DISCUSSION 

Table  1  summarizes  the  information  on  the 
various  instances  of  triggered  lightning  dis¬ 
cussed  above.  We  note  that  for  all  th6  inci¬ 
dents  the  values  of  ambient  field  are  well  with¬ 
in  an  order  of  magnitude  of  10  kV/m.  The  esti¬ 
mates  of  voltage  discontinuity  are  approxi¬ 
mately  1  MV  with  the  exception  of  the  aircrait 
incidents  for  which  VD  is  apparently  only  about 
50  kV  (0.05  MV).  However,  it  should  be  re¬ 
called  that  the  representations  of  Figure  4  and 
tho  analysis  yielding  Vp  [Vp  =  1/2(8,^)]  Ignore 
any  effects  due  to  charge  on  the  aircraft.  It 
is  well  known  that  when  aircraft  are  flying 
under  full  engine  power  or  colliding  with  pre¬ 
cipitation  particles  in  the  atmosphere,  the 
resulting  charging  currents  soon  raise  the  air¬ 
craft  potential  to  a  value  of  soveral  hundred 
kilovolts  with  respect  to  the  neighboring 
atmosphere  (14).  This  potential  difference  is 
presumably  available  to  supplement  the  voltage 
discontinuity  Vp  calculated  from  the  ambient 
field  alone,  and  thus  it  will  facilitate  the 
initiation  of  leader  breakdown.  It  is  note¬ 


worthy  that  the  strikes  triggered  by  the  DC-6 
occurred  when  the  aircraft  was  encountering  a 
mixture  of  rain  and  graupel  (13);  precipitation- 
impact  currents  are  notoriously  large  under 
such  circumstances.  For  the  F-100  incidents, 
sufficient  experimental  data  are  available  for 
the  charge  on  the  aircraft — and  therefore  the 
supplemental  potential  difference— to  be  calcu¬ 
lated  (5,  12).  Rough  estimates  indicate  supple¬ 
mental  potentials  approaching  a  million  volts, 
and  also  the  ve~y  significant  feature  of  a 
rapid  increase  in  aircraft  charge  immediately 
^rJor  to  the  triggered  strike. 

If  we  adopt  the  *wo  criteria — a  general 
ambient  field  of  some  10  kV/m,  and  a  local 
potential  discontinuity  o'  about  a  megavolt 
(106  V)— as  being  necessary  and  sufficient  con¬ 
ditions  for  triggered  lightning,  we  can  estimate 
the  chances  of  its  occurrence  under  various  cir¬ 
cumstances.  Table  2  indicates  the  fields  exist¬ 
ing  for  certain  meteorological  conditions.  We 
note  that  general  fields  exceeding  10  kV/m  are 
usually  experienced  or.ly  in  thunderstorms  and 
heavy  showers.  However,  high  fields  can  be 
encountered  within  stratiform  clouds,  such  as 
nimbostratus,  on  rare  occasions,  and  there  are 
Russian  reports  of  lightning  triggered  by  air¬ 
craft  sometimes  occurring  within  those  clouds  (15,\ 

As  regards  the  second  condition — a  voltage 
discontinuity  of  about  <i  negavolt — the  discon¬ 
tinuity  due  to  the  ambient  field ,  F.a,  is  approxi¬ 
mately  .  This  increases  with  and  the 
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Table  2  -  Electric  Fields  Associated  with  Various  Meteorological  Situations 


Meteorological  Situation 

Typical  Field 
within  Cloud 

(kV/m) 

Extreme  Field 

within  Cloud 
(kV/m) 

Chance  of  Aircraft 
Triggering  Lightning 

Fair  Weather 

0.2 

Non-Precipitating  Clouds 

•  Peg 

0.6 

•  Stratus/Stratocumulus 

0.6 

2 

Negligible 

a  Small  Convective  Cumuli 

1.0 

10 

Extremely  Slight 

Precipitating  Cluuds 

•  Steady  Rain— Quiet 

Atmosnhere — Nlrabostratus 

0.5 

20 

Very  Slight 

•  Steady  Rain — Unstable 

Atmosphere 

2.0 

40 

Slight 

•  Heavy  Showery  Rain 

10  to  20 

100 

Appreciable 

•  Steady  Light  Snow 

0.5 

? 

Very  Slight  ? 

a  Heavy  Snow  and  Snow 

Showers 

5.0 

? 

Appreciable  ? 

•  Thunderstorms 

10  to  100 

>  300 

Substantial 

dimension  L  .  Thus  the  larger  the  aircraft  or 
rocket  the  more  likely  It  Is  to  trigger  light¬ 
ning.  Note  also  that  for  rockets  the  length  Is 
effectively  extended  by  *he  conducting  exhaust 
trail,  ihe  conductivity  cf  the  trail  depends, 
among  other  factors ,  on  the  rocket  fuel  end  the 
length  of  time  the  trail  hue  been  In  existence; 
the  latter  factor  suggests  that  the  faster  tne 
rocket,  the  more  probable  Is  the  occurrence  of 
triggered  lightning.  However,  we  have  noted 
that  in  the  case  of  strikes  to  aircraft  the 
necessary  voltage  dlscont'nulty  is  probably 
due  more  to  charge  on  the  aircraft  than  to  the 
ambient  field  and  the  aircraft  dimension. 

Since  aircraft— and  presumedly  rockets — charge 
strongly  when  under  full  engine  power  or  en¬ 
countering  precipitation  particles,  it  follows 
that  the  cr'tical  voltage  discontinuity  is  often 
approached  in  flights  through  all  types  of 
clouds ,  and  that  the  more  important  criterion 
is  therefore  the  magnitude  of  the  general  ambient 
field.  A  corollary  to  this  argument  is  that 
techniques  such  as  active  dischargers  (16)  that 
minimize  the  charge  carried  by  aircraft  also  re¬ 
duce  the  likelihood  of  triggered  1'ghtr.ing. 

Qualitative  ujsei.sraertts ,  bai  ed  on  the  above 
discussion,  of  the  chances  for  triggered  light¬ 
ning  are  included  in  the  last  column  of  Table  2, 
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Engineering  Aspects  of  Lightning  Environments 


N.  Cianos  and  E.  T.  Pierce 
Stanford  Research  Institute 

ABSTRACT 

The  following  discussion  summarizes  e 
recent  report  on  lightning  environments  a3 
applied  to  engineering  problems. 

IN  THE  . iRST  SESSION  of  this  conference,  the 
fundamental  nature  of  ligntning  and  instrumenta¬ 
tion  methods  for  measuring  its  characteristics 
have  been  presented  (1,2)*,  and  the  nature  of 
natural  lightning  and  simulated  lightning  has 
been  compared  (3).  Of  course,  lightning  simu¬ 
lation  has  become  an  important  part  of  testing 
and  evaluating  equipment  exposed  to  lightning 
strikes.  But  in  ade.lt ion  to  the  simulated 
testing,  statistical  and  analytical  methods  for 
evaluating  the  hazards  to  equipment  „uc  to 
lightning  are  also  needed.  However,  a  consis¬ 
tent  set  of  analytical  and  statistical  models 
of  lightning  environments  for  engineering  usage 
is  greatly  lacking  even  though  a  great  amount 
of  basic  information  is  available  in  the  litera¬ 
ture  and  in  the  usual  references  (4,5).  A  re¬ 
cent  report  (6)  reviews  and  colligates  infor¬ 
mation  on  the  physical  characteristics  of 
lightning  and  shows  how  this  information  can  bo 
used  for  engineering  r.flpl1-.  ations  in  estimating 
the  lightning  sens' clviy  ol  equipment.  The 
purpose  of  this  discussion  is  to  summarize  the 
contents  of  that  report. 

The  major  emphasis  of  the  report  (6)  is  on 
the  ground  lightning  environment  and  includes 
the  climatological  as  well  as  the  physical 
parameters  of  lightning. 

Tha  climatological  data,  available  in  the 
form  of  thunders torm-day  statistics  is  impor¬ 
tant,  since  this  information  can  be  used  to 
determine  the  lightning-flash  incidence  in  a 
g  ,v  n  area  at  any  time  of  day  and  month  of  the 
year  at  any  location.  Expressions  are  derived 
relating  the  thunderstorm  day  statistics  to  the 
flash  incidence.  Also,  the  degree  to  which 
lightning  incidence  is  modified  by  the  presence 
of  nigh  structures  is  indicated.  Of  course, 
lightning  incidence  is  a  vital  factor  in  deter¬ 
mining  the  economics  of  avoiding  lightning 
hazards.  Elaborate  protective  measures  are 
obviously  far  more  Justifiable  for  hlgh-light- 
ning-exposure  areas  such  as  Florida  than  they 
are  for  flat  deserts  where  thunderstorms  rarely 
occur.  Even  in  low-exposure  roglons,  however, 

‘Numbers  in  parentheses  designate  Referencos 
at  end  of  paper. 


especially  sensitive  sites  such  as  explosives 
factories  and  missile  installations  may  roquire 
particular  consideration. 

A  substantial  part  of  the  report  deals  with 
the  characteristics  of  lightning  flashes  to 
ground.  Statistical  distributions  are  given 
for  many  of  the  par;meters  likely  create 
problems  for  the  engineer;  median  and  extreme 
values  are  specified  as  illustrated  in  Table  1. 
With  the  exception  of  the  statistics  on  the 
number  of  return  strokes  per  flash,  the  statis¬ 
tics  for  ail  the  parameters  listed  in  Table  1 
are  modeled  as  log-normal  distributions.  The 
information  presented  is  based  on  a  critical 
survey  of  data  available  it>  the  literature,  and 
in  some  instances  this  critical  process  has  led 
to  a  partial  rejection  of  some  previously 
accepted  values.  The  degree  of  interconnection 
of  the  parameters  is  discussed;  this  can  be  a 
very  Important  point  in  the  assessment  of 
lightning  hazards. 

Several  models  for  lightning  are  derived 
and  expressed  in  convenient  analytical  forms. 

It  is  empnasized  thnt  caution  in  the  derivation 
process  is  necessary  so  as  to  obtain  models 
that  arc  both  physically  plausible  and  internal¬ 
ly  self-consistent.  Two  types  of  models  are 
identified — basic  models  developed  solely  from 
the  physical  properties  of  lightning,  and 
applied  models  modified  appropriately  ''or  use 
with  equipment,  the  lightning  sensitivity  of 
which  is  partially  defined.  Eanic  models  are 
presented  for  typical  and  severe  flashes;  in 
the  latter  case  the  criterion  of  the  severity 
for  a  lightning  paramete  is  taken  as  approxi¬ 
mately  the  two-percent  point  on  the  statistical 
distribution.  An  example  of  an  applied  model 
is  also  given.  Basic  models  for  the  typical 
types  of  lightning  flushes  are  schematically 
shown  in  Figure  1  of  the  report,  where  Figure 
1(a)  illustrates  the  case  in  which  the  flash 
does  not  contain  a  continuing  current,  and 
Figure  1(b)  illustrates  the  case  in  which  a 
continuing  current  is  iicluded. 

As  mentioned,  the  main  emphasis  of  the 
report  (6)  is  on  the  direct  effects  of  flashes 
to  ground.  However,  discussions  are  also  given 
of  the  physlcnl  characteristics  of  intracloud 
dischargee,  and  of  the  static  and  electromagne¬ 
tic  fields  generated  by  lightning. 

In  suianary,  this  report  (8)  provides  an 
extensive  survey  of  lightning  environments  as 
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CURRENT  —  kA  CURRENT 


U)  PLASH  W  TROUT  ANY  CONTINUING  CURRENT  STAGES 


<b)  PLASH  WITH  FINAL  STAGE  CONTINUING  CURRENT 


FIGURE  1  TIME  HISTORY  OF  TYPICAL  (basic)  LIGHTNING  MODELS 
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applied  to  evaluating  Jr?  lightning  boards  in 
engineering  analysis. 
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Table  1  -  Properties  uf  Statistical  Distributions  for  Lignining  Par ame tore 
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Percentage  of 
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ABSTRACT 

Analytical  results  and  lightning  simulation  testing 
show  that  an  aircraft  can  trigger  lightning  when  flying 
in  a  highly  charged  a'mospheric  environment.  For  such 
an  environment,  the  electric  field  intensification  of  the 
aircrafi  is  high  enoupn  to  initiate  lightning  which  other¬ 
wise  may  not  have  occurred  naturally.  It  is  shown  that 
an  external  source  of  charge  is  required  to  support  an 
aircraft  initiated  disrharge. 

The  electric  field;  surrounding  an  F-4  and  B-52  air¬ 
craft  were  determined  from  the  electrostatic  integral 
field  equations  using  an  algorithm  which  included:  actual 
aircraft  geometry,  an  external  cloud  electric  field,  and 
a  net  charge  on  the  aircraft.  Capautance  of  the  aircraft 
lias  been  determined  and  consequently  the  charged 
vehicle  potential  and  dectrostatic  field  energy  obtained. 
The  algorithm  lias  also  been  used  to  obtain  the  maximum 
net  charge  an  F-4  and  3-52  aircraft  can  hold  before  self 
discharge  corona  begin;.  The  effect  on  these  parameteis 
caused  by  varying  aircraft  size  is  discussed. 

The  jet  engine  exhaust  has  been  analyzed  to  determine 
if  it  is  sufficiently  conductive  to  extend  the  electrical 
length  of  the  aircraft.  A  statistical  study  of  lightning 
strikes  10  F-4  aircraft  is  presented  shewing  the  effects 
of  geographical  distribution  and  a  nose  mounted 
pitot  mast. 

INTRODUCTION 

The  question  “Can  aircraft  trigger  lightning?”  has 
long  been  asked.  There  nas  been  much  debate  on 
whether  or  not  an  aircraft  ry  its  presence  can  cause  a 
lightning  strike  wnich  other  ,-ise  would  not  have 
occurred.  The  implication  of  this  question  is:  If  indeed 
an  aircraft  can  trigger  lightning,  then  what  are  the 
mechanisms  involved  and  what  can  be  done  to  reduce 
the  effect. 

There  are  several  positive  indications  that  a  conducting 
body  in  an  electrified  environment  can  initiate  lightning. 
Fitz  ald(  *  *  in  the  Rough  Rider  Program  has  presented 
evidence  that  the  presence  of  ari  aircraft  can  trigger  a 
lightning  strike  which  otherwise  would  not  have 
occurred.  Kasmir^^)  and  Newman^)  have  tried  with 
various  degrees  of  success  to  initiate  lightning  by  firing 
rockets  into  charged  clouds.  However,  some  of  these 
rocket  experiments^)  had  a  grounded  trailing  wire 
behind  the  rocket.  Since  charge  could  then  flow  from 
ground  to  the  vehicle,  the  basic  electrostatic  field 
phenomenon  is  different  from  that  of  an  aircraft  which 
is  isolated  from  ground.  Thus,  some  careful  distinc¬ 
tions  need  to  be  made  in  applying  the  results  of  a 
particular  experiment  to  that  of  an  aircraft.  In  addition, 
there  have  been  laboratory  experiments^)  where  high 


voltage  breul-down  has  been  initiated  by  a  water  drop 
falling  into  a  high  electric  field  region  near  the  high 
voltage  electrode. 

In  each  of  these  experiments,  it  is  the  electnc  field 
disturbance  surrounding  the  vehicle  which  is  thought 
to  initiate  or  trigger  the  breakdown.  The  electric  fields 
surrounding  a  metallic  object  are  altered  since  the  elec¬ 
trode  must  be  a  constant  potential  surface  with  no 
tangential  component  of  field  at  the  electrode  surface. 

1  he  fields  adjccent  to  the  electrode  are  changed  from 
the  magnitud-  of  the  field  far  from  the  electro  'e. 
Intensification  of  the  electric  field  is  of  interest  since 
the  higher  field  can  initiate  a  disenarge  which  might  not 
otherwise  have  occurred  naturally. 

Pierce^)  has  surveyed  instances  of  lightning  initiated 
by  man’s  activities  and  has  concluded  that  for  lightning 
incidents,  the  usual  values  of  ambient  electric  fields  are 
on  the  order  of  10  kV/m  and  the  voltage  discontinuity 
between  the  object  initiating  lightning  and  adjacent 
atmosphere  is  about  106  V.  Basic  electrostatic  theory 
indicates  that  the  amount  of  energy  that  an  electnc 
charge  (and  hence  a  streamer)  can  acquire  in  moving 
from  one  location  to  another  is  proportional  to  the 
potential  difference  between  two  points.  If  these  points 
are  some  distance  away  from  a  field  disturbing  object 
where  the  potential  remains  unchanged,  then  a  streamer 
or  lightning  stroke  which  passes  through  the  electrode 
does  not  gain  additional  energy'  because  of  the  presence 
of  the  object.  Thus,  the  presence  of  an  aircraft  can  at 
most  only  divert  the  lightning  path  and  does  no!  add 
significantly  to  the  path  length. 

On  a  physical  basis,  the  following  questions  concerning 
possible  aircraft  initiation  of  lightning  need  to  be 
answered:  i)  Are  the  electric  fields  surrounding  the 
vehicle  high  enough  to  initiate  breakdown?,  2)  Can  the 
vehicle  sustain  a  streamer  once  initiated?;  3)  What  is  the 
effect  of  a  net  charge  on  the  electric  fields  in  the  neigh¬ 
borhood  of  the  vehicle?,  and  4)  What  is  the  effect  of 
possible  ionization  in  the  jet  engine  exhaust? 

An  answer  to  these  questions  is  presented  in  this 
paper.  The  following  topics  will  be  discussed:  I )  a 
statistical  survey  of  lightning  strikes  to  F-4  aircraft; 

2)  breakdown  criteria  for  streamer  formation,  3)  elec¬ 
trostatic  field  analysis  including  effects  of  net  charge 
on  vehicle;  4)  jet  engine  exhaust  study,  and  5)  labora¬ 
tory  high  voltage  experiments. 

STATISTICAL  SUMMARY 

To  provide  a  background  from  which  to  study  aircrafi 
initiation  ot  lightning,  a  statistical  analysis  of  lightning 
strikes  to  F-4  Phantom  aircraft  is  presented.  Since  the 
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F-4’shavea  large  number  of  flight  hours,  and  some  F-4 
models  have  a  nose  pitot  mast  while  others  do  not,  a 
statistical  summary  provides  ielevant  comparisons. 

The  study  involved  RF-4C  and  F-4E  (botn  with  nose 
pitot  mast)  and  F-4C  end  F-4D  (without  pitot  mast) 
models  of  the  Phantom  aircraft.  A  five  year  time  period 
from  April  1967  to  April  1972  was  investigated  for 
which  there  were  56  strikes  from  which  to  form  a  data 
base.  The  strike  data  were  taken  from  official  Air  Force 
Lightning  Reports. 

The  percent  of  lightning  strikes  as  a  function  of  the 
time  of  year  is  presented  in  Fig.  I .  Since  most  of  the 
strike  .lata  were  for  the  Northern  Hemisphere,  the  data 
bdieate  Shat  the  freaucncy  of  strikes  correlates  with 
spring  and  summer  thunder  storm  activity. 


Figure  1  •  Lightning  strikes  to  F-4  aircraft  as  a 
function  of  time  of  year 

The  percentage  of  strikes  as  a  function  of  altitude  is 
presented  in  Fig.  2.  The  data  show  that  aircraft  flying 
at  lower  altitudes  are  more  susceptible  to  lightning  strikes. 


Figure  2  •  Lightning  strikes  tc  F-4  aircraft  3s  a 
function  of  altitude 

The  rate  of  lightning  strikes  (number  of  strikes  per  one 
hundred  thousand  flight  hours)  for  the  various  models  of 
F-4’s  as  a  function  of  geography  is  presented  in  Fig.  3. 
Tiic  data  indicate  that  Europe  has  a  much  higher  rate  of 
strikes,  which  may  be  attributable  to  a  greater  number 
of  days  of  inclement  weather  and/or  io  geographical 
restric'ions  in  ilight  corridors.  The  aircraft  with  nose 
mounted  pitot  masts,  the  RF-4C  ;.nd  F-4E,  show  much 


higher  rates  of  strikes.  This  phenomenon  may  be  caused 
by  the  fact  (shown  later)  that  the  electric  field  intensi¬ 
fication  factors  are  greater  for  the  nose  pitot  mast  than 
for  any  other  extremities  of  the  aircraft. 
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Figure  3  -  Rates  of  lightning  strikes  to  F-4’s 

BREAKDOWN  CRITERIA 

The  physical  mechanism  for  the  initiation  and  propa¬ 
gation  of  ligntning  should  be  discussed  so  that  possible 
aircraft  initiation  of  lightning  can  be  explored.  Break¬ 
down  at  atmospheric  pressurt  s  over  distances  greater 
than  i  cm  takes  place  by  v/ay  of  streamer  develop¬ 
ment.  The  streamers  form  weakly  ionized  channels 
which  traverse  a  path  between  two  sources  of  charge 
forming path  for  a  bright  discharge  or  return  stroke. 
Streamers  which  do  not  cross  the  discharge  gap  do  not 
cause  breakdown  an-<  are  generally  then  called  corona. 

Streamers  develop  or  are  “initiated”  front  a  Town- 
stnd  avalanche  process  which  relates  to  the  build-up  of 
a  space  charge  in  an  applied  external  electric  field.  When 
the  space  ch.  'ge  density  passes  a  critical  level,  so  that  the 
space  charge  field  approaches  that  of  the  external  field, 
a  new  mechanism  for  charge  propagation  occurs  -  the 
streamer^1.  The  streamer  forms  when  the  local 
photoiopization-formed  charge  adjacent  to  an  ava¬ 
lanche  enhances  its  development.  The  conditions  under 
which  this  process  begins  define  streamer  initiation. 
Meeke  and  Cr3ggs(7)  give  the  requirement  as  approxi¬ 
mately  10S  charged  particles  in  an  avalanche  head  for 
transition  to  a  streamer.  This  is  translated  to  a  require¬ 
ment  on  the  ratio  of  field  strength  to  pressure.  E/P,  and 
the  distance.  Xc,  over  which  an  avalanche  ;s  converted 
to  a  streamer  The  tatio  E/P  is  related  Jo  the  first 
Townsend  ionization  coefficient,  a,  by  means  of  Fig.  4. 
The  conditions  for  transition  to  a  streamer  are 

/  “(f)dx~20.  (i) 

o 

Since  Xc  is  generally  limited  to  several  centimeters, 
the  initiation  condition  requires  the  ionizatxn  coeffi¬ 
cient,  a,  to  have  an  appreciable  value  (approximately  S 
to  10)  over  the  distance  Xc.  It  is  noted  from  Fig.  4  that 
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a  small  relative  change  m  the  electric  field  E  results  in  a 
large  variation  on  a.  For  a  to  have  a  value  in  the  range  of 
5  to  10,  field  strengths  of  27  to  30  kV/cm  are  required. 
Once  a  streamer  has  formed,  the  electric  field  required 
for  continued  propagation  is  much  smaller. 


t5  20  25  30 

El«cc.-;c  <itld  -  kV/cm 

figure  4  •  First  Townsend  coefficient  for  eiectron 
multiplication  vs  electric  field  strength 
(P»760Torr) 

Phelps^)  has  shown  in  laboratory  experiments  that 
an  ambient  field  of  7  kV/cm  Is  enough  for  continued 
streamer  propagation.  Streamers  require  energy  to 
propagate^8)  which  may  be  gained  from  the  ambient 
field.  However,  streamers  can  propagate  in  zero  field 
regions  if  they  gained  sufficient  initial  energyW. 

ELECTRIC  FIELD  ANALYSIS 

The  introduction  of  a  metallic  object  into  an  external 
electric  field,  such  as  is  found  in  an  electrified  cloud 
environment,  disturbs  and  intensifies  the  field. W  Also, 
net  charge  on  an  aircraft  results  in  an  electric  field 
surrounding  the  vehicle.  It  is  the  purpose  of  the  electro¬ 
static  field  analysis  to  determine  these  fields  so  that  they 
can  be  related  to  streamer  initiation.  The  analysis  will 
also  determine  the  aircraft  capacitance  so  that  for  a 
given  vehicle  charge,  the  resulting  potential  and 
electrostatic  field  energy  can  be  found. 

The  electrostatic  integral  field  equations  for  potential 


and  electric  fieid  are  solved  for  actual  aircraft  geometry 
using  the  "method  of  moments”^®)  with  point 
matching.  The  surface  charge  distribution  of  the  aircraft, 
approximated  by  a  set  of  point  charges,  is  obtained. 

The  potential  and  electric  field  at  any  point  in  space 
caused  by  a  charge  distribution  p  (r)  is  given  by: 


where  the  principle  of  superposition  has  been  used  to 
incorporate  the  external  applied  electric  field,  Eext,  anc 
its  associated  electric  potential,  Vcxt. 

The  unknown  is  the  charge  distribution,  p( r),  on 
the  electrodes.  The  method  of  moments  approximates 
p{ r)  by  a  set  of  N  discrete  point  charts  resulting  in  the 
following  expressions: 


N 


This  set  of  equations  forms  the  basis  from  which  the 
potential  and  electric  field  are  determined  once  the  dis¬ 
crete  charges,  qj,  are  known.  The  determination  of  qj 
and  the  potential  oi  the  electrodes  which  arc  described 
by  a  net  charge  results  is  a  set  of  simultaneous  equations 
which  are  solved  on  a  computer.  Up  to  200  charges 
have  been  used  to  represent  the  aircraft  (resulting  in 
200  simultaneous  equations). 

The  McDonnell  electrostatic  analysis  algoiithm  has  the 
following  general  features:  electric  field  and  potential 
determined  anywhere  in  space  caused  by  any  number  of 
arbitrarily  shaped  electrodes;  each  electrode  (object) 
can  be  described  by  either  its  potential  or  net  charge, 
the  solution  then  obtaining  the  other  unknown  param¬ 
eter;  external  electric  field  of  any  orientation  may  be 
inputted;  charge  distribution  on  electr  ,<de  obtained;  and 
capacitance  relationships  obtained. 

An  electrostatic  analysis  has  been  performed  for  F-4 
and  B-52  aircraft.  A  comparison  of  the  results  from  these 
two  aircraft  will  also  allow  a  determination  of  the  effect 
of  vehicle  size.  The  electric  field  Ej  (scalar  magnitude) 
is  presented  in  units  of  the  external  applied  field  Eoo.  This 
parameter,  Ep/Eoo,  is  defined  as  the  field  intensification 
factor. 

The  intensification  factors  are  a  maximum  at  the  air¬ 
craft  suiface  and  then  fall-off  with  distance  from  the 
vehicle.  Several  representative  values  at  the  surface  of 
an  F-4  (for  the  appropriate  orientation  of  the  externa! 
field)  are  illustrated  in  Fig.  5.  The  nose  pitot  mast  has 
the  highest  intensification,  and  the  fustisge  back  has  a 
low  value.  The  magnitudes  of  these  field  intensification 
factors  correlate  very  well  with  the  usual  lightning  attach¬ 
ment  points. 
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Figure  5  -  Electric  field  intensification  at  the  surface 
for  selected  locations 


The  intensification  factors  as  a  function  of  distance 
from  the  aircraft  are  shown  in  Fig.  6  for  F-4  pitot  mast, 
and  Figs.  7  and  S  for  the  wing  tips  of  the  F-4  and  B-52. 
The  maximum  values  of  intensification  are  relatively  the 
same;  however,  the  rate  of  fall  of  the  fields  is  vastly 
different.  The  larger  B-S2  has  a  greater  range  of  electrical 
influence  than  does  the  smaller  F-4.  A  net  charge  on  the 
vehicle  has  the  effect  of  inert  t sing  the  electric  fields  and 
extending  the  electrical  region  of  influence  of  the  aircraft, 


Figure  6  -  F-4  pitot  boom  electric  field  intensification 
(Horizontal  nose-tail  field) 


Figure  7  -  F-4  wing  tip  electric  field  intensification 
(Horizontal  wing  tip-wing  tip  field) 
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Figure  8  -  B-52  wing  tip  electric  field  intensification 
(wing  tip  -  wing  tip  field) 

The  values  chosen  for  the  vertical  and  horizontal 
electric  fields,  4000  V/cm  and  500  V/cm,  respectively, 
represent  the  maximum  measured  in  an  electrified 
cloud  environment^  D, 

The  net  charges  of  200  pC  for  the  F-4  and  3000  pC 
for  the  B-52  represent  the  estimated  maximum  charge 
these  vehicles  can  hold  before  the  electric  fields  at  the 
aircraft  extremities  and  sharp  points  become  high 
enough  for  charge  loss  mechanisms  (corona)  to  occur. 
For  example,  a  net  charge  of  200  pC  on  the  F-4  results 
in  a  field  of  20  kV/cm  at  the  pitot  mast.  Refer  to  the 
insert  on  Fig.  9. 
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Figure  9  -  Electric  field  from  charged  F-4 
(N't  external  field,  net  charge  Q7  =  +200  pC) 

The  electrical  size  or  region  of  electrical  influence  is 
shov/n  in  Figs.  10  and  1 1  for  the  F-4  and  B-52  in  an 
external  vertical  field.  The  contour  shown  is  for  an 
intensification  factor  of  l.i,  that  is,  where  the  external 
field  has  been  intensified  by  I0?o.  In  each  case  the  con¬ 
tour  extends  approximately  one  body  diameter  from 
the  dreraft.  The  electrical  size  is  thus  seen  to  he  pro¬ 
portional  to  the  physical  size  of  the  aircra.; 

Aircraft  capacitance,  and  potential  and  electrostatic 
field  cnerg)  for  the  estimated  maximum  vehicle  r.et 
charge  are  shown  in  Table  1 .  Since  the  aircraft  capac¬ 
itance  is  very  small,  it  does  not  take  much  charge  to 
raise  the  vehicle  potential  to  a  very  significant  level. 

Three  thousand  micro-coulombs,  which  is  the  clwrge 
transferred  by  a  current  of  3  mA  in  1  sec,  raises  the  U-J"’ 


potential  to  several  million  volts.  The  net  electrostatic 
energy  for  a  3-52  with  a  net  charge  of  3000  pC,  is 
3400  J  which  is  the  energy  consumed  by  a  1 00  W  light 
bulb  in  34  sec. 


Figure  )C  -  F-4  electrical  size 
(F-4  electric  field  intensificatior.  contain  for 
Ey/Eoo  =1.1,  vertival  field,  Q-p  =  0 


Contour  for  E--/EOT«  1.10 


Figure  1 1  -  B  52  electrical  size 
(Vertical  field,  Op  =  0) 


Table  1 

Aircraft  electrical  parameters 


8-52  F4  | 

Capacitance 

13!0pF 

420  pF 

Estimated  Maximum  Net  Charge 

3000pC 

2u0  pC 

j  Vehicle  Potential 

2.3  x  10®  V 

4.7  x  105  V 

Electrostatic  Energy 

3400  J 

47  J 

The  net  energy  in  the  electrostatic  field  attributable 
to  a  charge  on  the  vehicle  is  proportional  to  Qr2.  This 
follows  from  the  basic  energy  relationship  E  =  1/2  QV, 
along  with  the  capacitance  relationship  Q  =  CV,  so  that 

,_i  Q2 

"  2  C  ' 

If  an  aircraft  size  can  oe  characterized  by  a  linear 
cimension  L,  then  the  following  approximate  relation¬ 
ships  hoid: 


-~g  g 


Aiicraft  Capacitance~L 

Maximum  Net  Charge~L2  (surface  area) 

Potential  (at  Max  Charge)~L 

Energy  (at  Max  Charge)~L3  (Volume) 

Capacitance  proportional  to  vehicle  length  can  be  seen 
from  Table  1  where  the  ratio  of  B-52  to  F-4  capacitance 
is  approximately  ilic  same  ratio  as  their  respective 
lengths,  3: 1.  This  compares  analytically  to  the  capaci¬ 
tance  of  a  spherical  object  which  is  proportional  to  us 
charac'eristis  length,  the  radius.  The  maximum  net 
charge  is  proportional  to  vehicle  surface  area  since  the 
(actor  controlling  the  charge  loss  mechanism  is  the 
vehicle  surface  electric  fields,  and  these  are  proportional 
to  surface  charge  density  (assuming  comps,  able  local 
geometry). 

The  maximum  vehicle  potential  and  electrostatic 
energy,  proportional,  respectively,  to  characteristic 
length  Land  follows  from  brsic  electrostatics. 

V  =  Q/C~L2/I.  =  L;  E  =  y  QV~L2  l.  =  L3. 

It  should  be  emphasized  that  these  rcif.tionships  arc 
for  gross  comparisons  only.  More  accurate  results  should 
be  obtained  from  an  exact  analysis. 

AIRCRAFT  ELECTROSTATIC  FIELD  ANALYSIS 
SUMMARY 

The  field  intensification  factors,  while  high  at  the 
surface  of  the  aircraft  extremities  (75  at  the  pitot  mast, 
refer  to  the  insert  on  Fig.  5)  fall  off  rapidly  as  a  function 
of  distance  from  ihe  vehicle.  Large  and  small  aircraft 
have  relatively  the  same  maximum  values  of  field 
intensification  since  this  is  determined  mostly  by  local 
geometry.  The  rate  of  fall-off,  however,  is  inversely 
proportional  to  vehicle  siz-\  so  that  the  region  of  elec¬ 
trical  influence  is  proportional  to  vehicle  size. 

The  effect  of  a  net  charge  on  a  vehicle  is  to  increase 
the  electric  fields  surrounding  the  vehicle.  The  region  of 
electrical  influence  is  also  extended.  The  electrostatic 
field  energy  is  proportional  to  the  net  charge  squared. 
Qf”.  "The  electric  fields  around  an  aircraft  at  maximum 
charge  aie  b'gh  enough  to  initiate  streamers  -  which  in 
tu.-p,  provide  the  charge  loss  mechanism  to  prevent 
infinite  buildup  of  charge. 

The  electric  field  intensification  factors  are  high 
enough  and  exttvd  far  enough  to  initiate  streamers 
when  the  aircraft  is  flying  in  an  external  electric  fide’ 
of  the  magnitudes  that  have  been  measured.  For 
example,  the  field  at  the  pitot  mast  when  the  aircraft 
is  in  an  external  field  of  500  V/cm  is  15  x  37.5  kV/cm  - 
more  than  enough  field  strength  to  initiate  breakdown 
at  atmospheric  pressure. 

The  amount  of  charge  the  aircraft  can  supply  an 
initiated  streamer,  however,  is  extremely  limited,  200 
pC  for  the  F-4  and  3000  pC  for  the  B-52.  This  is  the 
maximum  amount  that  a  charged  aircraft  or  even  an 
uncharged  aircraft  can  contribute  to  a  developing 
streamer.  For  an  uncharged  aircraft  causing  a  streamer, 
the  vehicle  will  become  charged,  the  polarity  such  as  to 
reduce  the  electric  field  at  the  extremity  initiating  the 
streamer.  The  charge  which  can  be  transferred  ;s  then 
just  the  maximum  charge  tiic  vehicle  can  hoid.  Thus. 
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larger  aircraft  can  s.  pport  more  “streamering",  however 
slight,  than  z  smaller  aircraft  since  the  maximum  charge 
is  proportional  to  surface  area. 

Therefore,  the  fields  at  the  aircraft  extremities  are 
high  enough  to  initiate  streamers  and  an  aircraft  ran 
ir..t.ute  lightning  when  flying  in  highly  charged 
atmospheric  conditions  where  there  is  an  external 
source  of  charge. 

JET  ENGINE  EXHAUST 

The  ions  and  electrons  found  in  a  jet  engine  exhaust 
have  a  possibility  of  providing  a  conductive  path  ex¬ 
tending  behind  the  aircraft.  Ions  and  electrons  in  the 
exhaust  are  formed  in  the  combustion  chamber  as  a 
result  cf  chemical  reactions  taking  place  between  the 
compressed  intake  air  and  jet  fuel  -  see  Fig.  1 2.  The 
regions  for  various  thermodynamic  assumptions  - 
equilibrium  and  partial  nonequilibrium  thermochemistry 
in  the  combustion  chamber,  and  equilibrium  and 
frozen  expansion  flow  -  are  also  illustrated  in  Fig.  !?. 


Jet  Power  Nozzle 

Fuel  Turtir-'  Exit 


Equilibrium 

Thermo¬ 
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Equilibrium  Expansion  Flow 

Frozen  Expansion  Flow 
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Equilibrium  Expansion  Flow 

Frozen  Expansion  Flow 

Figure  !2  -  Aerothermochcmicc!  analysis  of 
jet  engine  exhaust 


Typical  engine  operating  conditions  (non-afterburning) 
for  modern  high  performance  aircraft  were  chosen  for 
the  analysis^*).  Jhc  combustion  temperature  was 
determined  by  using  the  minimum  heating  value  of  JP-4 
fuel,  neglecting  the  heat  less  to  the  wall,  and  taking 
into  account  a  boundary  layer  temperature  profile.  The 
resulting  thermodynamic  conditions  in  the  combustion 
chamber  were:  pressure  ~  <5  atm,  temperature  ~  850  to 
2000K,  air  fuel  ratio  31.25  to  125,  and  JP-4  fuel  with  a 
net  minimum  heating  value  of  42,900  J/g. 

The  important  chemica.  elements  of  JP-4  fuel  are  the 
hydrocarbons  (paraffins,  acromatics,  and  olefins)  and 
the  impurities  of  sulfur  and  alkaline  metals.  A  model  of 
38  selected  species  was  used  to  calculate  the  chemical 
composition  in  the  combustion  chamber  at  elevated 
temperatures.  These  species  represented  the  principal 


chemical  contributions  fton.  the  jet  fuel,  air,  and  the 
combuftion  products. 

The  equilibrium  composition  was  calculated  according 
to  the  minimum  free  energy  method^* 3)  This  method 
seekt  the  solution  to  a  set  of  simultaneous  equations  in 
which  temperature  and  pressure  are  the  independent 
variables  end  the  concentration  oi  each  specie  is  the 
dependent  variable. 

A  typical  result  for  major  ion  and  electron  concen¬ 
trations  is  shown  in  Fig.  1 3.  Table  2  summarizes  the 
electron  concentration  in  the  combustion  chamber  calcu¬ 
lated  for  various  thermodynamic  situations. 


Figure  13  -  Equilibrium  composition  for  combustion 
chamber  si  4.55  atm 


Table  2  -  Electron  nalysis  from  combustion 
chamber  to  jet  exhaust 

(Electron  concentration  (Ne)  in  combustion  chamber) 


Air  Fuel 
Ratio 

Combustion 

Temperature 

Alkaline 

Impurities 

N,  (P/cm3! 

Thermodynamic 

Condition 

125 

1054K 

10  PPM  K 

4.5  x  ir-1 

Equilibrium 

Condition 

Exists 

1  PPM  K 

rnirai 

31.25 

2000 K 

10  PPM  K 

mam 

i  PPM  K 

1.05  x  109 

125 

1054K 

10  and  1 
PPM  K 

3  x  109 

Partial 
Equilibrium 
Condition  . 
Exists  1 

31.25 

2000 K 

10  and  1 
PPM  K 

1.65  x  1015 
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The  region  of  interest,  however,  is  the  exhaust  plume 
downstream  from  the  combustion  chamber.  The  hot 
gases  undergo  expansion  in  the  expansion  nozzle  and 
plume.  The  thermodynamics  of  the  expansion  flow 
vary  between  complete  equilibrium  and  frcien  flov. 
For  equilibrium,  the  chemical  composition  readjusts 
itself  completely  to  flow  temperature  and  pressure, 
while  for  frozen  flow  composition,  no  chemical 
reactions  take  place.  These  two  expansions  represent 
the  two  extreme  cases  for  the  resulting  values  of 
concentrations. 

The  electron  concentration  in  the  exhaust  plume 
for  various  alkaline  metal  impurity  levels  and  flow 
assumptions  is  shown  in  Table  3.  The  results  bracket 
well  the  measured  values  of  ion  density  and  inferred 
electron  densities^  *  4). 


Table  3  -  Electron  concentration  in  jet  exhaust 


blKvrtn 

Consent™  flora  (P/cm3) 

Ramerkt 

Alkaline 

Impurities 

Combustion 

Exhaust 

4.2  K  tu- 

1.2-  i£r 

equilibrium  Flow 

10  PPM  K 

8.2  x  10° 

Frozsn  Flow 

1.05  xIO9 

6x  10"' 

Equilibrium  Flow 

1  PPM  K 

2  x  108 

Frozen  Flow 

3x  109 

5  x 10" 3 

Equilibrium  Flow 

10  end  1  PPM  K 

5.9  x  10B 

Frozen  Flow 

1.65  x  1015 

_ 

3.3  x  108 

Equi'ibriumFlow 

10  and  1  PPM  K 

3.2  x  10H 

Frozen  Flow 

The  following  summarizes  the  results  of  the  jet 
engine  exhaus*  aerothermochemical  study.  The  electron 
number  density  is  much  smaller  than  the  ion  density 
(Fig.  1 3).  The  electron  density  is  critically  dependent 
upon  alkaline  impurity  levels  in  the  fuel,  combustion 
temperature,  ana  the  assumed  thermodynamic  conditions. 

A  comparison  of  electron  concentrations  for  various 
situations  is  presented  in  1  able  4.  The  electron  concen¬ 
tration  in  the  jet  exhaust  is  small  compared  with  that  in 
a  lightning  streamer  head,  a  rocket  exhaust  and  a  metal. 


Table  4  -  A  comparison  of  electron  concentration  values 


EUctroi;  Coftcen'.rtU:*  in 

Qumtity 

Notts 

Fr#t  Atmosphyt 

10-  to3  P/cm3 

Je!  Exhtuit  at  ■  1  Moult 

10-3  •  10®  F/cm3 

Catcui*.#d  Vtlutt  in  Thu 
Invtitigttion 

Exit  PTjd3 

103  •  105  P/cm3 

Infwrtd  from  Ion  Density 
Motiur#mtnt 

Lightning  Strtamtr  H«*d 

•  i  a1 2  P/cm3 

Ref.  6 

Rocktt  Exhtuit 

to’2  P/cm3 

Typical  Mttal 

1022  P/cm3 

Thus,  the  jet  exhaw  t  plume  is  not  very  conductive  and 
does  not  represent  a  significant  electrical  extension  of 
the  aircraft. 


Even  though  there  is  a  small  amount  of  free  charge 
(ions  and  electrons)  in  the  jet  exhaust,  there  are  no  high 
fields  associated  with  this  region  of  the  aircraft.  The 
charge  in  the  exnaust  plume,  since  it  is  diffuse  in 
distribution  and  has  no  sharp  geometrical  shapes,  does 
not  intensify  external  electric  fields.  The  high  fields 
required  for  streamer  initiation  are  not  present. 

Since  the  exhaust  plume  is  not  very  conductive,  and 
is  not  a  region  of  high  fields,  it  is  not  a  significant  factor 
for  lightning  initiation. 

LABORATORY  LIGHTNING  MECHANISMS  TEST 

Laboratory  high  voltage  tests  were  performed  in  the 
McDorneli  Lightning  Simulation  Laboratory  to  investigate 
various  breakdown  mechanisms.  An  object  was  placed 
in  the  high  voltage  discharge  gap  and  the  change  in  the 
“just  fire”  breakdown  voltage  noted.  The  results  were 
normalized  to  the  unperturbed  breakdown  potential  and 
given  as  a  peicent  reduction: 

V  -  V 

%=~~ — xlOO  (6) 

vo 

•-here  V  and  V0  arc  the  “just  fL-c”  breakdown  voltages 
with  and  without  an  object  present  in  the  gap 
respectively. 

With  a  sphere  as  the  test  object,  several  possible  fac'.ors 
that  might  influence  breakdown  could  be  isolated  and 
examined  on  an  individual  basis. 

The  following  parameters  which  could  influence  or 
initiate  breakdown  were  tested:  type  of  breakdown 
streamer  (polarity  of  high  voltage  electrode);  position 
of  object  in  gap;  relative  size  of  object;  net  charge  on 
object;  increased  local  field  intensification  (sharp  point); 
local  adjacent  ionization  (polonium  radioactive  strip); 
and  uniform/nonuniform  electric  field  distribution  (disk- 
to-disk  and  point-to-disk  electrodes). 

Figure  14  is  a  picture  of  the  disk-to-disk  electrode 
test  set  up.  The  disks  were  24  in.  diam  with  a  1 3  m. 
vertical  spacing,  the  lower  grounded  disk  being  31  in. 
above  the  floor  (ground  image  plane). 


Figure  14  •  Experimental  test  setup 
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The  electric  field  distribution  on  the  axis  between 
the  disk  electrodes  was  calculated  with  the  McDonnell 
electrostatic  analysis  algorithm  described  previously 
end  the  results  are  shown  in  Fig.  1 5.  With  no  sphere 
in  the  gap,  the  field  at  the  high  voltage  electrode  is 
higher  than  that  at  the  grounded  electrode  because  of 
ground  plane  image  effects.  With  a  sphere  the  electric 
Held  adjacent  to  it  is  much  higher  ttian  at  the  electrodes. 
Thus  the  sphere  has  produced  a  very  significant  dis¬ 
turbance  in  the  field  distribution. 


HV 
Electron* 
403  kV  • 


No  Sphere 


PosiT'On  in  Gap 


Figure  15  -  Disk  electrodes  centerline  electric  field 

The  percent  reduction  in  the  "just  fire”  voltage 
attributable  to  a  4  in  diani  sphere  at  various  locations 
between  the  disk  electrodes  was  measured.  The  results 
are  shown  in  Fig.  1 6  for  positive  and  negative  high 
voltage  output  polarities  Two  very  significant  effects 
are  seen. 


Percent 

Reduction 


5f-  Pojmvt- 


Position  in  Gap 


/ High  Voltage  / 
'  Electrode-r 


i-Atc  Missed  Sphare 


Figure  16  -  Percent  reduction  of  “just  fire”  voltage 
due  'o  4  in.  sphere  in  13  in.  gap 

When  the  sphere  is  in  the  vicinity  of  either  the  high 
voltage  or  ground  electrode,  an  appreciable  reduction 
in  the  voltage  required  for  breakdown  occurs.  1  his 
reduction  takes  place  only  when  the  intensified  fields 
about  the  sphere  augment  the  electric  fields  at  the 
electrodes.  Since  breakdown  occurs  fo  ■  a  giver,  field 
strength  independent  of  the  presence  of  the  sphere,  the 
disk  electrode  field  augmented  by  the  sphere  results 
in  breakdown  at  a  lower  voltage.  The  reduction  in 


the  "just  fire”  breakdown  votiage  occurs  only  when 
the  intensified  fields  about  the  sphere  interaci  with  an 
external  source  of  charge  on  the  electrode. 

When  the  sphere  is  in  the  center  of  the  gap  there  is 
no  reduction  in  the  “just  fire’  breakdown  voltage.  The 
voltage  required  for  breakdown  is  the  same  with  or 
without  the  presence  of  the  sphere.  From  Fig.  15,  the 
electric  fields  at  the  sphere  are  at  least  twice  what  they 
are  at  the  electrodes,  yet  no  breakdown  enhancement 
occurred.  This  indicates  that  high  fields  alone  will  not 
lower  the  breakdown  voltage  and  that  the  amount  of 
charge  the  isolated  sphere  can  contiibute  to  the  break¬ 
down  process  is  extremely  limited,  in  conformance 
with  the  previous  analysis.  With  the  sphere  m  the  center 
of  the  gap  where  it  does  net  influence  the  fields  at  the 
electrodes,  the  voltage  required  for  breakdown  is  un¬ 
altered  in  accordance  with  basic  electrostatic  theory.  For 
a  streamer  initiated  at  the  disk  electrode,  the  energy 
gained  in  moving  a  charge  from  one  point  to  another  is 
proportional  only  to  the  voltage  difference  of  these  two 
points  and  not  to  the  electric  field  distribution. 

This  lest  shows  that  breakdown  is  enhanced  only 
when  a  high  field  occurs  in  the  presence  of  a  charge 
source.  The  high  field  initiates  a  streamer  and  the 
charge  source  “feeds”  the  streamer  development  process 
so  that  it  will  propagate  across  the  gap  and  cause 
breakdown. 

The  effects  on  breakdown  attributable  to  tne  various 
paramet  -s  listed  previously  were  slight  when  compared 
with  the  location  of  the  sphere  in  the  gap.  A  summary 
for  disk-to-disk  electrodes  is  presented  in  Table  5. 


Table  5 

Laboratory  test  results  'effect  in  reducing 
breakdown  potential  for  disk-to-disk  electrodes) 


Viried 

(High  Voltage  Polarity) 

fVimitcr 

Posi  the 

t 

Negative 

Positive  Net  Charge 

No  Effect  j 

Aids 

Negative  Net  Charge 

No  Effect 

Aids 

Point  Up  (Toward  H.V.) 

•Uos 

No  Effect 

Point  Down  (Ground) 

Aids 

Aids 

Ionization  Up  (Toward  H.V.) 

No  Effect 

Aids 

Ionization  Down  (Ground) 

Aids 

Slight  Aid 

Position  in  Gap 

Great  Effect 

Groat  Effect 

Several  comments  are  in  order.  The  effect  of  a  different 
diameter  sphere  was  in  direct  proportion  to  its  physical 
size  indicating  that  the  electrical  size  is  proportional  to 
physical  size.  The  difference  between  a  uniform  field 
(disk-to-disk)  and  a  highly  nonuniform  field  (point-to- 
disk)  were  slight,  indicating  almost  no  dependence  upon 
field  distribution  Local  ionization  adjacent  to  the  s,*ncre 
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in  the  direction  of  the  field  caused  some  aid  m  break¬ 
down;  however,  when  the  ionization  was  oriented  at 
right  angles  to  the  field,  there  was  no  effect.  This  indi¬ 
cates  that  (he  local  ionization  will  give  a  slight  aid  when 
in  a  high  field  region.  Further  discussion  of  these  results 
can  be  found  in  Ref.  15. 

LIGHTNING  MECHANISM  SUMMARY 

As  a  result  of  this  program,  the  following  conclusions 
can  be  reached. 

1)  Aircraft  can  trigger  lightning  when  flying  in  a 
source  charge  such  as  a  charged  cloud. 

2)  Lightning  not  triggered  by  an  aircraft  will  at  most 
only  be  diverted;  the  total  path  of  the  lightning  travel 
is  not  influenced  by  an  aircraft. 

3)  Nose  mounted  pitot  masts  increase  lightning  hazard. 

4)  Jet  exhaust  is  not  a  significant  factor  in  lightning 
initiation. 

5)  Static  charges  on  aircraft  increase  the  lightning 
hazard,  thus  static  discharges  reduce  the  Fghining  hazard. 
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General  Aviation  Lightning  Effects  and 
Protection 


J.A.  Plumer 

General  Electric  Company 
Corporate  Research  and  Development 

ABSTRACT 

Increasing  operation  of  general  aviation 
aircraft  under  IFR  conditions  may  increase 
tneir  susceptibility  to  lightning  strikes. 

Most  aircraft  are  afforded  good  protection 
against  adverse  lightning  effects  by  virtue  of 
their  al‘> -metallic  construction.  Tne  increas¬ 
ing  use  of  fiberglass  and  other  nonmetals  in 
new  aircraft  construction  raises  the  question 
of  their  possible  vulnerability  to  lightning. 

A  program  was  sponsored  at  General  Electric 
by  FAA  to  evaluate  lightning  effects  on  come 
of  these  materials  and  components,  and  de¬ 
velop  protection  design  guidelines  if  war¬ 
ranted.  This  paper  describes  the  work  per¬ 
formed  on  a  typical  fiberglass  wing  tip  fuel 
tank.  Simulated  lightning  tests  showed  that 
lightning  strikes  can  ignite  fuel-air  mixtures 
inside  the  tank.  A  protective  diverter  system 
was  applied  and  found  to  be  effective  under 
both  stationary  and  swept-stroke  simulated 
lightning  test  conditions. 

INCREASING  NUMBERS  of  single  and  multi-engine 
gene. "i  1  aviation  aircraft,  coupled  with  tne 
greater  availability  and  use  of  sophisticated 
avionics,  makes  operation  of  these  aircraft 
under  IFR  conditions  more  common.  As  a  result, 
their  susceptibility  to  lighuning  strikes  may 
increase.  Coupled  with  this  is  another  trend 
toward  greater  application  of  nonmetallic 
materials  in  aircraft  structural  and  fuel  sys¬ 
tems,  and  greater  use  of  solid  state  compo¬ 
nents  in  avionics.  This  combination  results 
in  greater  potential  vulnerability  to  light¬ 
ning  strikes,  and  may  require  that  specific 
lightning  protective  measures  be  developed  and 
applied  if  operational  reliability  and  flight 
safety  are  to  be  maintained.  Protective  meas¬ 
ures  suitable  for  all-metallic  aircraft,  for 
example ,  may  not  be  adequate  for  aircraft  with 
some  fiberglass  or  plastic  sections.  The  all- 
metallic  airframe  is  in  many  ways  quite  com¬ 
patible  with  basic  lightning  protection  re¬ 
quirements,  and  often  only  minor  design  modifi¬ 
cations  have  been  needed  to  provide  adequate 
lightning  protection. 

Lightning  effects  on  aircraft  can  be 
categorized  basically  as  follows; 

(1)  Effects  on  aircraft  structural  mate¬ 
rials  and  systems. 

(2)  Effects  on  aircraft  fuel  systems. 

(3)  Effects  on  aircraft  electrical  and 
avionics  systems. 

(4)  Effects  on  personnel. 

Before  lightning  protection  can  be  de¬ 
signed  and  applied  to  aircraft  with  these 


newer  materials  and  components,  their  degree 
of  vulnerability,  if  any,  to  lightning  strikes 
must  be  established.  For  this  reason,  the 
Federal  Aviation  Administration  institute^  a 
program  with  General  Electric  Company  (1)  to 
evaluate  typical  design  features  of  light  air¬ 
craft  to  determine  their  possible  vulnerabil¬ 
ity  to  lightning  and.  develop  design  guides  for 
protective  measures. 

As  an  example  of  the  processes  involved, 
this  peper  describes  the  vulnerability  assess¬ 
ment,  development  and  verification  of  a  pro¬ 
tective  diverter  system  for  g  typical  light 
aircraft  fuel  tank  of  nonmetallic  construction. 
Similar  tests  and  studies  were  also  made  on 
examples  of  electrical  and  structural  systems 
under  the  FAA  program,  and  the  results  of 
these  will  be  given  in  the  program  final  re 
port. 

For  the  fuel  tank  evaluation,  a  typical 
light  aircraft  wing  tip  fuel  tank  made  of  fi¬ 
berglass  was  furnished  by  FAA.  A  drawing  of 
the  tank  is  shown  in  Figure  1,  It  is  con¬ 
structed  of  resin-impreg-.iated  fiberglass  cloth 
covered  on  tne  outside  r/ith  a  uonconductive 
white  paint,  with  a  wall  thickness  0.065  in¬ 
ches.  A  7-inch  diameter  cutout  was  made  in 
the  tank  to  allow  for  internal  inspection  and 
to  serve  as  a  "blow-out"  panel  during  fuel 
ignition  tests. 

PRELIMINaf.f  TANK  VULNERABILITY  STUDY 

At  the  beginning  of  the  program,  a  study 
of  the  tank  structure  was  made  to  identify 
characteristics  which  could  contribute  to 
ignition  hazards  whgu  subjected  to  a  direct 
lightning  stroke  or  slatic  electric  fields 
such  as  exist  when  the  aircraft  is  within  an 
atmospheric  electric  field  or  being  electri¬ 
cally  charged  by  precipitation. 

A  number  of  metallic  components  inside  the 
tank  were  identified  v/hich  could  create  high 
electrical  stress  and  resultant  corona  under 
such  conditions.  These  are  listed  below  by 
numbers  which  identify  their  location  on 
Figure  2. 

(1)  The  plain  d  on  the  vent  pipe  outlet 
ha3  snarp  edges  v>h  .i  could  produce  corona. 

Several  srirp  edges  exist  on  the  fuel 
level  sending  device  which  could  produce  coro¬ 
na, 

(3)  The  fues  line  strainer  has  a  pointed 
configuration  which  could  produce  corona. 

‘‘Numbers  in  parentheses  designate  References 
at  end  of  paper. 
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TOP  VIEW 
(FUEL  AREA  ONLY) 


FIGURE  2. 


-  POINTS  OF  POSSIBLE  VULNERABILITY  TO  LIGHTNING 
ELECTRICITY. 


FIGURE  I) 


OR  STATIC 


m 


w 


(4)  The  sharp  end  of  the  wire  supporting 
the  fuel  float  could  produce  corona, 

(5)  The  filler  cap  receptacle  has  a  1" 
deep  tube  wall  projecting  into  the  tank  which 
could  produce  corona., 

There  are  also  several  external  tank  components 
which  may  be  susceptible  to  direct  lightning 
strike  attachment.  These  are: 

(6)  The  tank  drain  plug  protrudes  outside 
and  is  not  bonded  to  the  airframe.  This  could 
produce  an  attachment  point  for  lightning,  but 
no  subsequent  conductive  oath  for  the  current. 

(?)  The  vent  outlet  protrudes  about  1" 
and  may  be  susceptible  to  direct  lightning 
strokes . 

(3)  Although  not  an  integral  part  of  the 
fuel  tank  proper,  the  position  lamp  is  sus¬ 
ceptible  to  a  direct  stroke  (see  Figure  1). 

(9)  The  filler  cap  is  not  of  the  "light¬ 
ning  protected"  typo  and  may  produce  sparking 
if  struck. 

Some  of  the  bonding  and  grounding  provisions 
found  in  the  tank  were  not  adequate  to  safely 
carry  lightning  currents.  These  arc: 

(10)  The  fuel  line  is  not  firmly  grounded 
to  the  aluminum  wing  stub,  creating  possible 
electrostatic  sparks  between  the  line  and  other 
hardware , 

(11)  The  filler  cap  receptacle  is  grounded 
to  the  vent  pipe  and  sender  unit  by  a  ground 
braid  whos_  arrangement  may  be  conducive  to 
inductive  sparks  and  of  insufficient  size  to 
carry  full  scale  lightning  currents. 

(12)  The  embedded  ground  braid  could 
cause  severe  blast  damage  to  the  fiberglass 
tank  skir.  if  it  were  to  carry  high  amplitude 
lightning  currents  and  explode. 

In  addition  to  the  above  characteris  ics, 
there  is  the  overriding  possibility  that  on¬ 
coming  lightning  flashes  may  puno+ure  the  fi¬ 
berglass  skin  and  attach  directly  to  any  of  the 
internal  metallic  components  pictured  in 
Figure  2. 

In  order  to  determine  tne  extent  to  which 
each  of  the  above  factors  actually  contributes 
to  tank  vulnerability,  laboratory  tests  were 
performed  wherein  the  tank  was  subjected  to 
simulated  static  electric  fields  and  lightning 
strokes. 

oTATIC  ELECTRICITY  VULNERABILITY  TESTS 

Static  electricity  tests  were  performed  to 
determine  if  ignition  of  a  flammable  fuel-air 
mixtuT'  within  the  tank  could  occur  from  corona 
generated  on  any  external  or  internal  tank 
components  by  virtue  of  tne  tank's  presence  in 
ambient  static  electric  fields  of  external  ori¬ 
gin  or  self -generated  fields  created  by  preci¬ 
pitation-static  charging  of  the  airframe.  For 
each  test,  a  flammable  mixture  of  5.97  cc  of 
commercially  available  100  octane  gasoline  per 
cubic  foot  of  air  was  placed  in  the  tank.  This 
mixture  was  determined  to  be  the  optimum  explo¬ 
sive  mixture  of  aviation  gascline  in  air  by  an 


experimental  program  of  measurements  of  explo¬ 
sion  pressures  for  a  variety  of  fuel-air  mix¬ 
tures  performed  by  Fenwal,  Inc.,  under  c*"v>- 
contract  to  General  Electric.  For  ea<  g r. 

tion  test,  the  gasoline  was  injected  ■  •  * 

tip  tank,  evaporated  at  room  tempsratu:  msi 
mixed  with  air  for  5  minutes  by  a  5"  diameter 
riylcn  fan  within  the  tank.  After  the  fan  was 
turned  off,  the  mixture  was  allowed  to  become 
stagnant  for  several  minutes  and  the  test  per¬ 
formed.  A  nylar  covering  taped  over  the  blow¬ 
out  hole  was  burned  sway  and  replaced  after 
each  ignition. 

To  simulate  an  ambient  electrostatic  field 
the  tank  was  placed  in  a  q'iaai  -uniform  DC 
field  created  as  shown  in  Figure  >.  The  anode 
war  a  50"  O.D.  rubber  inner  tube  with  an  alu¬ 
minum  foil  insert.  The  cathode  waq  a  single 
sheet  of  aluminum  approximately  five  feet 
square.  The  spacing  between  electrodes  was 
32  l/2  inches  and  the  tes+  piece  was  placed 
midway  between  the  electrodes.  The  electrodes 
were  energized  by  the  1,000,000  volt,  1  ampere 
DC  generator  loaded  by  a  0.5  pf  capacitor  bank 
at  the  GE  High  Voltage  Laboratory. 

Voltage  wos  increased  rapidly  to  the  in¬ 
ception  level  of  audible  corona  (approximately 
300  kV).  At  this  point  voltage  was  increased 
in  50  kV  steps  to  400  W,  then  in  20  kV  step3 
to  460  kV.  Beyond  460  kV  all  increases  in 
voltage  were  made  in  10  kV  steps  until  anode- 
to-cathode  flashover  occurred.  Throughout  the 
application  of  voltage,  each  level  was  held 
for  one  minute  before  progressing  xo  the  next 
level . 

At  no  time  during  these  tests  did  ignition 
of  the  fuel/air  mixture  occur  as  a  result  of 
corona  off  of  metal  components  within  the  fuel 
tank.  During  these  tests  a  maximum  average 
field  gradient  of  590  kv/ meter  was  applied, 
exceeding  that  in  a  thunderstorm  region  (2) . 

To  determine  whether  or  not  an  induced 
corona  discharge  emanating  from  an  object 
within  the  tank  would  ignite  the  luei/air 
mixture,  a  nail  was  inserted  within  the  fuel 
tank  through  xhe  mylar  blowout  cover  and  volt¬ 
age  applied  to  it.  Ignition  did  occur  just 
above  the  inception  level  of  visual  corona, 
at  70  KV. 

With  each  "run"  a  voltage  level  was  ob¬ 
tained  where  breakdown  of  the  air  gap  oc¬ 
curred  (ranging  from  435  kV  to  490  XV).  In 
each  case  the  discharge  path  passed  through 
the  wing  tanx  structure.  In  several  cases 
igrition  of  the  fuel/air  mixture  resulted 
from  the  discharge . 

This  test  series  showed  that  even  when 
the  wing  t.p  tank  assembly  is  within  an  am¬ 
bient  electric  field  suifioient  to  produce 
visible  and  audible  corona  at  external  appen¬ 
dages  on  the  tank,  corona  generated  inside 
the  tank,  if  any,  is  insufficient  to  cause 
ignition,  even  at  voltages  approaching  the 
flashover  potential  of  the  quasi-uniform  am¬ 
bient  field  in  air.  Thus,  the  tank  failed  to 
permit  ignition  under  conditions  of  ambient 
electric  field  stress  approximating  those 
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FIGURE  3  -  ELECTRODE  CONFIGURATION  FOR  AMBIENT  ELECTROSTATIC 
FIELD  TESTS. 
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ctivting  in  thunderstorm  regions  at  stresses 
up  to  that  at  which  a  lightning  flash  would 
form. 

A  fleshover  through  tlm  tip  tank,  however, 
oft*n  cosisod  an  ignition.  In  some  cases  the 
specific  cause,  such  as  ere  attachment  to  the 
unprotected  filler  cap,  was  evident;  however, 
at  other  times  the  cause  was  obscure. 

Next  it  was  necessary  to  investigate  the 
effects  of  corona  which  is  self-generated.,  by 
virtue  of  the  airframe  being  at  a  high  voltage, 
as  from  F~o*atic„  In  this  care  voltage  was 
applied  directly  to  tbs  tip  tank  above  a 
ground  place  as  shewn  is  Figure  4.  The  tank 
ra s  cnarged  with  fu&l/fdr  in  the  a"TS  manner 
as  before. 

At  an  eleeirod e  spacing,  h,  of  24  inches, 
audible  arai  faintly  visible  corona  was  evi¬ 
dent  at  applied  voltages  exceeding  100  kV,  but 
n o  ignitions  occurred .  The  air  gap  between 
tin  tan/,  and  ground  plane  flashed  over  at 
2i'>  kV .  again  resulting  in  no  ignition. 

Uu3  gap  was  irc.’ctoed  to  76  inches  and 
vcltage  increased  in  50  kV  steps  to  750  kV, 
holding  each  level  for  a  minimum  cf  one  minute. 
At  750  W  the  external  tank  glowed  with  ex¬ 
cessive  corona,  but  no  ignition  occurred. 

To  show  that  the  fuol/air  mixture  was  ig- 
nitable,  a  nail  was  again  extended  into  the 
tank  and  again  ignition  occurred.  These  tests 
were  repeated  severe!  times  with  the  same  re¬ 
sults. 

Tne  ambient  and  self-generated  electro¬ 
static  field  tests  just  described  showed  that 
flancnble  fuel-air  mixtures  within  this  tip 
tank  will  net  ignite  when  fields  surrounding 
the  tank,  of  either  externa;,  or  self -generated 
origin,  are  increased  in  intensity  up  to  the 
flashover  stress  level  of  the  ambient  air, 

LIGHTNING  STRIKE  SUSCEPTIBILITY  TESTS 

The  tip  tank  was  next  subjected  to  simu¬ 
lated  lightning  strike  testa  to  determine 
points  of  possible  stroke  attachment  and  to 
answer  the  question  of  whether  a  lignt.nij.g 
flash  will  creep  over  the  outside  of  tin  fiber¬ 
glass  or  puncture  the  fiberglass  to  terminate 
on  a  metallic  component  within.  For  these 
tests  the  tan.’;  was  supported  horizontally  by 
an  insulating  cylinder  and  subjected  to  simu¬ 
lated  lightning  strikes  from  an  electrode  sus¬ 
pended  above  a  variety  of  locations  on  the 
tank  surface.  Both  top  and  bottom  of  the  tank 
were  tested  in  this  manner.  The  same  fuel- 
air  mixtures  as  used  for  the  static  electricity 
tests  were  inserted  in  the  tank  for  each  t»vt . 

Ligntrilng  strike  reports  (References  j  and 
4)  show  that  stroke  attachments  are  pretty 
well  scattered  over  wing  tip  surfaces,  to  a 
point  several  feet  inboard  of  the  edge3  and 
tips.  Thus,  tne  gap  between  the  electrode  and 
the  tank  surface  was  kept  small  enough  so  that 
the  stroke  was  purposely  directed  to  different 
spots  on  the  bank  surface.  Since  temporal  and 
geometric  descriptions  of  the  electric  field 
Just  prior  to  flashover  of  tho  gap  between  the 
aircraft  and  the  oncomii  g  lightning  leader  are 


rot  available,  the  tests  were  made  at  close-in 
electrode  positions  averaging  7.5  cm  normal  tc 
the  tank  surface  with  an  applied  voltage  wave¬ 
shape  of  150  x  3000  us,  and  repeated  at  a 
shorter,  faster  rising  waveshape  of  1.7  x  37  pa. 
Another  series  was  made  at  a  much  greater  gap 
spacing  averaging  50  cm  with  front-of-wave 
flashovers  applied  at  an  even  faster  rate-of- 
rise  of  1360  kV/ps.  These  waveforms  ore  shown 
on  Figure  5.  Tests  were  made  under  this  wide 
envelope  of  test  conditions  in  the  hope  of 
encompassing  those  most  representative  of 
natural  lightning. 

When  the  electrode  was  placed  above  the 
aluminum  wing  stub  or  near  any  other  external 
metallic  object,  most  arcs  "lashed  directly  to 
the  metal.  When  the  electrode  wac  above  a 
fiberglass  area,  most  arcs  flashed  to  the  fi¬ 
berglass  skin  and  either  flashed  along  the 
outside  surface  to  exposed  metal,  or  punctured 
to  a  metal  object  beneath.  The  metallic  ob¬ 
jects  contacted  when  arcs  punctured  the  tank 
are  listed  in  Table  1: 

Table  1  -  Metallic  Objects  Contacted  Inside 
Tank 


Object  Location  on  Figure  2 

vent  pipe  beneath  skin  1 

(all  along  its  length) 

embedded  ground  braid  12 

(all  along  its  length) 

sender  float  wire  2 

(with  float  in  full  or 
empty  positions) 

The  external  metallic  objects  contacted 
by  the  surface  flashovers  a*-e  listed  in 
Table  2; 

Table  2  -  External  Metallic  Objects  Contacted 

Object  Location  on  Figure  2 

filler  cap  5 

vent  outlet  7 

drain  valve  6 

The  wing  stub,  navigation  light  housing  and 
tank  ’'astening  screws  (to  wing  stub)  were  also 
contacted.  Whenever  the  fiberglass  was  punc¬ 
tured,  ignition  of  the  fuel-air  mixture  oc¬ 
curred.  The  only  time  surface  flashovers  re¬ 
sulted  in  ignition  was  when  the  filler  cap  was 
contacted,  resulting  in  sparking  between  the 
filler  cap  and  its  receptacle.  The  faster 
rising  voltage  waveshapes  produced  flashovers 
at  rhorter  timee  end  higher  voltages,  enabling 
more  direct  flashovers  to  occur  via  puncture/ 
in  the  fiberglass.  Thus,  the  slowly  rising 
150  x  3000  ps  waveform  resulted  in  the  least 
percentage  of  punctures:  whereas  the  faster 
rising  voltages  of  the  1.7  x  37  ps  and 
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GROUND  PLANE  (CATHODE) 


FIGURE  4  -  ELECTRODE  CONFIGURATION  FOR  SELF-GENERATED 
STATIC  ELECTRICITY  TESTS. 


CREST  =  430  kV 


LONG  WAVE 
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50/is/CYCLE 

SHORT  WAVE 
H  7  x  37 /is) 
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FIGURE  5  SIMULATED  LIGHTNING  VOLTAGE  WAVESHAPES  APPLIED  FOR  LIGHTNING 
STRIKE  ATTACHMENT  AND  BREAKDOWN  TESTS.  (NOTE:  VOLTAGE 
AMPLITUDES  SHOWN  ARE  NOT  NECESSARILY  THE  ONLY  AMPLITUDES  APPLIED.) 


front-of-wave  tests  resulted  ui  most  punctures , 
as  shown  In  Table  3.  Aside  from  demonstrating 
that  the  tank  i3  vulnerable  to  lightning,  the 
test  results  show  that  the  degree  of  this  vul¬ 
nerability  is  dependent  not  only  on  the  tank 
design  but  on  test  voltage  waveshape  and  elec¬ 
trode  position. 

It  should  be  noted  that  these  high  voltage 
tests  are  performed  at  very  low  arc  current 
levels  as  compared  with  natural  lightning.  The 
maximum  currents  of  1000  amperes  or  less,  there¬ 
fore,  did  not  damage  the  fiberglass  or  other 
tank  components  as  natural  lightning  would. 

This  enabled  a  large  number  of  tests  to  be  per¬ 
formed  on  tho  single  tank  available.  An  epoxy 
sealer  was  successful  in  filling  some  of  the 
punctures  to  prevent  subsequent  flashovers 
from  passing  through. 

PROTECTIVE  DIVERTER 

Based  on  the  high  voltage  test  results, 
a  protective  diverter  system  made  of  aluminum 
straps  0.5"  x  0.064"  was  designed,  mocked-up 
and  applied  to  the  tank  as  shown  in  Figure  6. 

The  diverter  was  clamped  beneath  the  navigation 
light  housing,  fastened  to  the  aluminum  stub 
wing  by  sheet  metal  screws  and  wired  and  sol¬ 
dered  to  the  vent  outlet-  and  drain  valve  on 
the  bottom  of  the  tank.  The  basic  arrangement 
is  designed  to  receive  all  lightning  str  J-.es 
and  preclude  punctures.  Therefore,  it  was 
positioned  to  shield  internal  metallic  compo¬ 
nents.  including  the  braie  and  vent  lines  run¬ 
ning  beneath  the  skin  between  filler  cap  re¬ 
ceptacle  ana  tenk  separation  wall.  The  filler 
cap  is  anong  the  objects  most  frequently  struck, 
so  its  receptacle  was  attached  to  the  diverter 
system  via  a  piece  of  strap  as  shown  in 
Figure  6.  This  strop  was  also  positioned  to 
shield  the  metal  vent  line  and  internal  ground¬ 
ing  braid  running  beneath  the  skin  (see  Fig.  2, 
loo.  12),  at  this  location. 

Because  the  high  voltage  tests  at  the 
1380  kV/us  rate-of-rise  and  50  cm  gap  resulted 
in  the  highest  degree  of  vulnerability,  this 
test  was  repeated  with  the  diverter  applied  to 
the  tank.  There  were  no  punctures  this  time 
and  no  ignitions,  except  when  tho  filler  cap 
was  struck,  which  again  resulted  in  sparking 
to  its  receptacle.  When  the  cap-to-receptacle 
bond  was  improved  with  aluminum  foil  jammed 
in  between,  sparking  and  resultant  ignitions 
were  prevented. 

The  only  time  the  diverter  proved  ineffec¬ 
tive  was  when  the  float  wire  was  near  the  top 
or  bottom  tank  walls  as  when  the  tank  is  either 
full  of  fuel  or  empty.  In  these  cases  the  wire 
was  too  close  to  the  tank  wall  to  allow  the  di¬ 
verter  to  be  effective,  and  flashes  striking 
the  tank  skin  in  this  region  punctured  it  and 
terminated  on  the  float  wire.  Use  of  a  non- 
metnllic  float  support  or  positioning  of  the 
float  and  sender  unit  within  a  region  effec¬ 
tively  shielded  by  the  diverter  would  eliminate 
this  problem. 

Since  there  are  no  metallic  components 
inside  the  tank  forward  of  the  filler  cap,  the 


need  for  the  diverter  around  tne  outboard  and 
leading  edges  is  questioned.  Because  the  tank 
skin  is  thin  with  respect  to  the  surface  flash- 
over  distance  required  for  strikes  hitting  the 
leading  edge,  its  contribution  to  overall 
breakdown  strength  between  the  skin  attach¬ 
ment  point  and  the  nearest  metal  diminishes 
for  points  increasingly  forward  on  the  skin. 
While  most  ai-os  will  remain  outside  of  the 
tank,  the  protection  afforded  by  the  skin  it¬ 
self  is  not  deemed  sufficient  enough  and  tho 
diverter  was  applied.  The  trailing  edge  di¬ 
verter  was  also  applied,  to  prevent  physical 
damage  to  the  skir.  in  the  event  of  lightning 
strikes  in  this  region. 

LIGHTNING  CURRENT  TESTS 

Once  an  effective  arrangement  for  the 
diverter  system  was  determined,  its  ability 
tc  safely  conduct  lightning  currents  was  evalu¬ 
ated  by  test.  With  the  diverter  called  and  a 
fuel-air  mixture  in  the  tank  as  before,  simu¬ 
lated  lightning  currents  were  delivered  to  all 
sections  of  the  diverter,  with  the  aluminum 
wing  stub  connected  to  the  return  side  of  the 
current  generators  so  that  test  currents 
flowed  from  the  diverter  straps  to  the  wing 
stub  as  they  normally  would  in  flight,  where 
the  other  lightning  attachment  point  is  else¬ 
where  on  the  aircraft.  Composite  current 
waveforms,  including  a  high  amplitude  simu¬ 
lated  stroke  followed  by  a  low  amplitude, 
long  duration  continuing  current  were  applied. 
Other  tests  were  made  in  which  only  the  stroke 
currents  were  applied.  Unidirectional 
8  x  17  (iS  simulated  strokes  with  peak  ampli¬ 
tudes  from  50  kA  to  120  kA,  combined  with  con¬ 
tinuing  currents  of  between  0  and  336  coulombs 
were  applied.  Examples  of  these  waveshapes 
are  shown  on  Figure  7.  A  total  of  37  test 
currents  wen?  delivered  to  all  parts  of  the 
diverter  and  also  the  exposed  vent  outlet, 
drain  valve  and  fuel  filler  cap.  The  diverter 
afforded  adequate  protection  in  all  cases. 

Only  strokes  to  the  unprotected  filler  cap 
caused  ignitions. 

Stroke  currents  alone  do  not  damage  the 
0.5’-  x  ,060"  aluminum  -trap,  as  the  (i2t) 
value  of  the  100  kA  stroke  alone  («lx  105 
amp2-sec.)  are  insufficient  to  raise  the  tem¬ 
perature  of  the  diverter  straps,  with  a  cross- 
sectional  area  of  20  am2,  more  than  a  few 
degrees  centigrade.  The  more  damaging  compo¬ 
nent  of  lightning  was  found  to  be  the  continu¬ 
ing  currents,  as  shown  in  Table  4, 

A  repeat  of  the  last  condition  given  in 
Table  4,  showed  that  the  diverter  was  still 
effective  in  preventing  fuel  ignition,  al¬ 
though  considerable  paint  was  scorched  from 
the  fiberglass  surface  near  the  broken  di¬ 
verter. 

Diverter  strap  of  smaller  cross-sectional 
areas  also  provide  satisfactory  protection,  if 
the  lightning  flash  remains  attnohed  to  it 
after  a  strap  is  burned  in  two  and  several 
inches  or  more  burned  away,  protective  ef¬ 
fectiveness  may  diminish  if  significant 
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5fis/cm.  84  A /cm.  02ms/cm. 

fROKE  CURRENT  CONTINUING  CURRENT 

SIMULATED  LIGHTNING  CURRENTS  APPLIED  FOR  DIVERTER  VERIFICATION  VESTS. 


Table  3  -  Applied  Voltage  vs.  Tank  Puncture 


Waveform  (ps) 

Average  Test 
Voltage  (kV) 

Average  Air 

Gaps  (Normal  to 
Tank  Skin  -  cm) 

Percent  of  Flashovers 
Resulting  in  Punctures 

150  x  3000 

3 

120 

7.5 

20 

1.7  x  37 

300 

350 

7.5 

30 

Freni. -of -wav 

1380 

— 

700 

50 

63 

Taole  4  -  Continuing  Current  Effects  on  0.5s  x  .060:l  Aluminum  Diverter  Streps  (Main) 


Continuing  Currant 

Average  Amplitude 
(amps) 

Tims  Duration 
(sec) 

Charge  Transfer 
(coulombs) 

Effects  on 

Diverter  Strap 

— 

(100  kA  Stroke  Current  Only) 

— 

Surface  pitting  only 

i76 

0.44 

77 

Eroded  15%  through 

167 

0.96 

160 

Eroded  30%  through 

168 

1.1 

185 

Eroded  in  two 

168 

2.0 

336 

Eroded  in  tno  and  2" 
eroded  from  one  end 

i  i  ;  ’ : '.  .  ■ 
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amounts  of  the  strap  are  eroded  away  by  a  pre¬ 
vious  strike.  Since  aircraft  are  sometimes 
subjected  to  score  than  one  strike,  a  strap  of 
sufficient  cross-section  to  maintain  its  effec¬ 
tiveness  after  receiving  at  least  one  flash 
is  advisable  for  protection  of  a  flight-criti¬ 
cal  component,  such  as  a  fuel  tank.  Cianos 
and  Pierce  (5)  have  constructed  a  2$  extreme 
lightning  model  based  on  the  2%  extreme  of  many 
statistical  summaries  of  the  critical  parame¬ 
ters  of  lightning  flashes  to  earth.  This  model 
is  a  10  stroke  multiple-stroxe  flash  with 
3troke  currents  of  up  to  140  kA  and  a  total 
charge  transferred  to  earth  of  200  coulombs,  of 
which  77$  is  carried  by  the  continuing  currents. 
(The  "average"  flash  probably  carries  only  10$ 
of  this),  Cloud-to-cloud  flashes  occurring  8t 
altitudes  above  5,000  feet  perhaps,  are  u.:':ght 
to  be  less  severe,  but  since  general  aviation 
aircraft  are  commonly  operated  at  altitudes  of 
less  than  5,000  feet,  the  ground-flash  statis¬ 
tics  are  probably  applicable.  While  not  ex¬ 
actly  the  same  as  this  model,  the  currents  ap¬ 
plied  in  this  test  series  are  of  the  same  order 
of  magnitude  and  therefore  represent  a  rela¬ 
tively  severe  flash. 

SWEPT  STROKE  TESTS 

Thu  foregoing  discussion  assumes  that  all 
of  the-  current  delivered  by  a  lightning  flash 
enters  the  diverter  at  one  spot.  In  terms  of 
diverter  damage,  this  condition  is  likely  to  ba 
.he  most  severe.  As  an  aircraft  flies  through 
the  relatively  stationary  lightning  arc,  how¬ 
ever,  the  arc  apparently  stretches  -omewhat 
along  t^e  line  of  flight  as  the  original  at¬ 
tachment  spot  moves  l'c.-ward  with  the  aircraft. 
Sometime  later  the  arc  reattaches  itself  to  the 
airframe  at  a  point  further  aft.  If  the  flash 
persists  longer,  the  process  may  be  repeated  a 
number  of  times.  The  factors  governing  the 
tenacity,  or  dwell  time,  of  the  arc  at  its  ini¬ 
tial  attachment  points  and  the  formation  of  new 
attachment  points  are  not  yet  well  understood. 
Brick,  et  al,  (6),  have  suggested  that  new  at- 
tschment  points  form  on  metallic  surfaces  when 
the  stretched  arc  voltage  drop  exceeds  the 
breakdown  potential  of  the  air  (and  any  dielec¬ 
tric  coatings)  between  the  stretched  arc  and 
the  surface.  Uumer  (7)  has  suggested  that 
subsequent  attachment  points  are  also  dependent 
on  discontinuities  in  the  lightn'.ig  waveform 
and  the  presence  of  multiple  strokes-expecially 
in  relation  to  nonmetallic  surfaces.  In  any 
event,  strike  evidence  (3)  and  (4),  shows  that 
such  attachment  points  usually  follow  each 
other  in  a  line  parallel  to  the  direction  of 
flight.  Since  the  protective  diverter  straps 
applied  to  this  tank  are  not  all  parallel  to 
the  flight  direction,  it  was  decided  to  test 
the  protected  tank  in  a  "swept  stroke"  environ¬ 
ment  to  determine  if  successive  strokes  or 
dwell  points  will  become  reattached  to  ether 
locations  on  the  diverter  system  or  if  they  may 
puncture  or  damage  the  fibeiglasc-  in  between. 
Simulation  of  the  dynamic  relationship  between 
e  lightning  stroke  channel  and  a  moving  air¬ 


craft  surface,  while  maintaining  all  impor¬ 
tant  electrical  parameters  involved,  is  a 
formidable  task  which  has  yet  to  be  accom¬ 
plished,  The  method  utilized  in  this  case  is 
described  in  Reference  7  and  is  an  attempt  to 
simulate  multiple  stroke  and  high  voltage 
characteristics  thought  important  with  respect 
to  nonmetallic  aircraft  surfaces.  In  this 
case,  the  tank  and  aluminum  wisig  stub  were 
supported  by  a  wooden  cradle  atop  a  truck  and 
driven  at  35  -dies  per  hour  through  a  one 
million  volt,  60  hertz  field.  The  tank  was 
tilled  with  an  ignitable  fuel-air  mixture  as 
before,  and  high-speed  motion  pictures  were 
iaken  oi  the  resulting  flaehovers  and  arc 
attachments  to  the  tank.  With  60  hertz  high 
voltage,  nonsustuined  flashovers  were  made 
to  occur  one  or  more  times  on  each  positive 
half  cycle,  providing  fiashover  separations 
of  from  1  to  16  milliseconds,  which  are  simi¬ 
lar  to  those  of  natural  lightning.  Sustained, 
continuous  arcs  were  also  geneiated,  to  more 
closely  represent  a  continuing  current.  A 
total  of  30  runs  were  made,  each  providing 
between  1  and  100  flashovers  to  the  tank. 

Most  of  these  tests  were  made  with  the  di¬ 
verter  on,  and  it  "as  100$  successful  in  pre¬ 
venting  ignition  or  aamage  to  the  tank.  Punc¬ 
tures  and  subsequent  ignitions  occurred  on 
other  runs  with  the  diverter  removed.  Tl<e 
high-speed  motion  pictures  showed  that  the 
nonsustained  multiple  stroke  flashovers  fol¬ 
lowed  the  same  path  to  the  vicinity  of  the 
tank  but  flashed  directly  or  crept  over  the 
surface  to  the  nearest  diverter  strap  in  each 
case.  The  continuous  arcs  were  capable  of 
stretching  across  the  widest  distance  between 
any  two  straps  in  the  line  of  flight  before 
reattachment  occurred. 

The  swept-stroke  tests  thus  provided  an 
additional  degree  of  confidence  in  the  di¬ 
verter's  ebility  to  intercept  oncoming  light¬ 
ning  flashes  and  protect  the  tank.  When  pro¬ 
perly  installed  and  bonded  to  the  metallic 
components  discussed  heretofore,  this  diverter 
and  a  lightning  protected  filler  cap  assembly 
should  greatly  minimize  the  risks  of  damage 
to  the  tank  as  a  result  of  lightning.  Care 
must  be  taken  to  design  any  permanent  diverter 
installation  so  that  the  high  temperature  gas¬ 
eous  products  at  the  point  of  arc  attachment 
will  be  readily  vented  outward  and  not  be 
contained  and  damage  the  fiberglass  skin  en¬ 
closing  the  fuel.  In  general,  the  full  skin 
thickness  of  fiberglass  should  be  between  the 
diverter  and  the  fuel.  If  much  different 
from  the  completely  external  installation  used 
in  this  evaluation,  a  prototype  should  be  made 
first  and  tested  with  simulated  lightning  . 

CONCLUSIONS 

Static  electricity  and  lightning  simulation 
tests  were  performed  on  a  typical  light  air¬ 
craft  wing  tip  fuel  tank  made  of  fiberglass. 
Thu  following  conclusions  can  be  drawn  from 
the  data. 
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(1)  This  tank  wr,s  not  vulnerable  to  fuel- 
air  ignition  as  a  result  of  DC  fields  of  am¬ 
bient  or  airframe  origin,  at  field  stress  lev¬ 
els  up  to  those  sufficient  to  cause  visible 
corona  on  external  tank  fittings  or  flashover 
of  the  surrounding  air.  These  levels  equal  or 
exceed  those  expected  in  a  thunderstorm  region. 

(2)  The  tank  is  susceptible  and  vulnera¬ 
ble  to  lightning  strikes.  At  least  2%  of  on¬ 
coming  high  voltage  test  waveforms  punctured 
the  fiberglass  and  ignited  the  l'uel-air  mix¬ 
ture  within. 

(3)  The  applied  voltage  waveform  utilized 
for  the  tests  is  significant  in  determining 
the  results  obtained.  Front-of-wave  flash- 
overs  at  1380  kV/ps  resulted  in  3  times  as 
many  tank  punctures  as  slower  rising  150  x 
3000  usee  waveforms.  Electrode  positioning  is 
also  significant. 

(4)  A  protective  diverter  system  made  of 
0.5"  x  0.064"  aluminum  straps  aril  applied  as 
shown  in  Figure  6  was  10C$  successful  in  pre¬ 
venting  tank  punctures  and  ignition  therefrom 
under  tho  most  severe  of  the  high  voltage  test 
conditions  applied. 

(5)  The  diverter  system  remains  effective 
sXter  a  simulated  lightning  flash  of  at  least 
120  kA  (8  x  17  ps)  and  336  coulombs  of  charge 
have  been  delivered  to  it,  although  strap  bum- 
threugh  occurs  at  185  coulombs. 

(6)  The  diverter  system  on  the  lank  was 
100J6  effective  in  "catching"  swept  continuous 
and  multiple  stroke  flashes  formed  by 
1,000,000  volt  60  hertz  sustained  and  non- 
sustained  breakdowns  when  driven  through  them 
at  a  rate  of  35  mph. 

(7)  With  the  protective  diverter  system 
applied,  the  only  remaining  tank  vulnerability 
to  lightning  was  via  the  fuel  filler  cap, 
which  was  of  the  nonprotected  type  and  caused 
internal  sparking. 
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ABSTRACT 

Lightning  protection  design  considerations  for  present 
and  ne„t  generation  aircraft  are  presented.  The  zonJ 
lightning  protection  design  concept  is  described  and  basic 
design  criteria  for  Zone  I,  Zone  2,  and  Zone  3  lightning 
protection  regions  are  established.  Special  design  considera¬ 
tions  for  the  following  critical  aircraft  .omponents  arc- 
discussed  nose  radonie,  fuel  system,  antenna  system, 
p-static  dischaiger  installation,  iight  housing,  nose  nitot 
boom,  canopy,  structure,  and  electrical  circuit.  Also,  general 
design  considerations  for  aircraft  constructed  of  boron  and 
graphite  epoxy  composite  and  glass  fiber  reinforced  plastic- 
materials  are  presented. 

THE  PURPOSE  of  this  paper  is  to  discuss  the  various  phases 
of  the  aircraft  lightning  strike  phenomena  and  the  practices 
that  should  be  employed  to  ensure  a  trouble  free  design. 
It  is  the  intent  to  assess  the  lightning  parameters  that  are  of 
concern  and  relate  them  to  the  design  of  aircraft  com¬ 
ponents. 

Lightning  strikes  involving  aircraft  arc  a  common 
occurrence.  The  majority  of  these  lightning  strikes  occur  at 
low  altitudes,  in  and  below  the  cloud  level,  and  during  the 
takeoff  and  landing  phases  of  aircraft  operation.  The  greater 
number  ol  short  hop  commercial  flights  has  increased  the 
exposure  rate  of  aircraft  to  the  lightning  environment. 
Military  aircraft  sometimes  fiy  missions  which  require  them 
to  remain  at  low  altitudes  in  a  lightning  environment  for 
long  periods  of  tunc.  The  improvement  of  modern  (light 
ins  .alimentation  has  made  it  possible  for  aircraft  to  fiy 
between  thunder  clouds  rather  than  avoiding  the  entire 
sionn  area.  Also,  the  large  number  of  aircraft  flying  today 
has  rt  suited  in  numerous  „uci./t  lightning  sinke  events. 

General  design  considerations  for  aircraft  lightning 
protection  are  the  prevention  of  structural  failure,  flight 
control  system  damage,  fuel  explosion,  and  electrical  or 
avionics  systems  malfunction,  caused  by  lightning 
encounter.  Special  considerations  must  be  provided  for  the 
protection  of  advanced  composite  struc'ures  and  modern 
solid  state  computers.  Lightning  protection  may  also  be 
required  to  reduce  the  maintenance  effort  on  a  cost 
effective  basis. 

The  zonal  lightning  protection  concept  is  described  and 
used  to  establish  lightning  protection  design  requirements 
for  aircraft  components  located  in  the  vanous  regions  of  the 
aircraft.  Examples  of  lightm’-;  protection  system  design. 


fabrication,  and  testing  techniques  for  specific  aircnlt 
components  are  given. 

Tins  paper  describes  the  factors  considered  in  the  design 
of  aircraft  lightning  protection  systems.  Many  of  the 
specific  design  details  arc  contained  in  the  reference 
material.  M..cn  of  the  information  presented  may  be 
famili  ir  tc  those  working  intimat  ly  in  this  field.  Howevu, 
it  is  particularly  for  those  designers  who  arc  less  familiar 
with  the  subject  that  this  paper  is  directed. 

AIRCRAFT  LIGHTNING 
STRIKE  PHENOMENA 

LIGHTNING  STRIKE  PHENOMENA  -  Measured  data 
indicate  that  the  cloud-to-ground  lightning  strike  phenom¬ 
ena  generally  conta  n  three  phases,  the  prestnkc  phase,  the 
high  peak  current  phase,  and  th**  heavy  coulomb  phase.  The 
cloud-to-cloud  and  other  types  of  hgli tiling  strike  phenom¬ 
ena  are  not  well  understood  due  to  the  difficulty  in 
collecting  and  measuring  data.  However,  it  is  generally 
believed  that  they  are  similar  to  the  cloud-to-ground  strike 
phenomena  hut  contain  less  energy  (1).*  Tncrefore,  the 
cloud-to-ground  lightning  strike  characteristics  are  con¬ 
sidered  conservative  when  used  as  the  design  criteria  for 
aircraft  lightning  protection. 

Prestrike  Phase  As  a  lightning  stepped  leader 
approaches  an  extremity  of  the  aircraft,  high  stress 
streamers  are  initiated.  I  he  aircraft  becomes  a  part  of  the 
stepped  leader  channel  when  one  of  these  streamers  is 
selected  and  contacted  by  die  stepped  leader,  Figure  I. 
Propagation  of  the  stepped  leader  will  continue  from  other 
aircraft  extremities  until  one  of  the  branches  of  the  stepped 
leader  reaches  the  ground.  Tilt  average  velocity  of  propaga¬ 
tion  of  stepped  leader  is  O.S  foot  per  microsecond  and  the 
average  charge  in  the  whole  stepped  leader  channel  is  5 
coulombs  (2). 

High  Peak  Current  Phase  -  The  return  stroke  starts 
immediately  following  the  completion  of  the  stepped  leadci 
channel  between  cloud  and  ground.  It  contains  a  high  peak 
current  with  an  average  value  of  10  to  20  kiloampcrcs  and  a 
maximum  value  of  up  to  200  kiloampcrcs.  This  high  peak 
current  has  a  fas!  rate  of  rise,  an  „ve: jgc  rate  of  10 


•Numbers  in  parentheses  designate  References  at  end  of 
paper. 
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kiloamperes  per  microsecond  and  a  maximum  rate  of  100 
kiloampeies  per  microsecond.  The  average  time  to  half  of 
the  peak  current  value  is  40  microseconds.  The  initial  return 
stroke  is  usually  followed  by  3  to  4  high  peak  current 
rcstrikes  at  somewhat  lower  amplitude  and  at  millisecond 
intervals  (2,  3,  4,  and  S). 

Heavy  Coulomb  Phase  -  A  low  continuing  current  flow 
normally  follows  the  initial  return  stroke,  having  a 
magnitude  of  100  to  200  amperes.  The  average  duration  of 
the  continuing  current  flow  is  174  milliseconds  with  a 
maximum  duration  of  up  to  1  second.  The  average  total 
charge  transfer  is  3i  coulombs,  but  a  n  aximuni  charge 
transfer  can  be  up  to  200  coulombs  (6). 

Figure  2  shows  the  composite  current  waveform  of  the 
high  peak  current  phase  and  the  heavy  coulomb  phase  of 
natural  lightning  stroke  which  is  used  as  the  design  criteria 
for  aircraft  lightning  protection. 

SWEPT-STROKE  PHENOMENA  -  The  lightning 
channel  is  somewhat  stationary  in  space  while  it  is  trans¬ 
ferring  charges.  When  an  aircraft  is  involved,  it  becomes  part 
of  the  channel.  However,  due  to  the  speed  of  the  aircraft 
and  the  length  of  time  that  lightning  channel  exists,  the 
aircraft  can  move  relative  to  the  lightning  channel.  When  a 
forward  extremity  such  as  the  aircraft  nose  and  wing 
mounted  engines  or  fuel  pod*  are  involved,  the  aircraf'. 
surface  moves  through  the  lightning  channel.  Thus,  the 
lightning  channel  appears  to  sweep  back  over  the  aircraft 
surface  as  illustrated  in  Figure  3.  This  is  the  swcpt-stioke 
phenomena.  As  the  sweeping  acticn  occurs,  local  surface 
features  of  the  aircraft  can  cause  the  lightning  channel  to 
contact  and  remain  at  various  locations  for  different  periods 
of  time.  Therefore,  a  portion  or  the  entire  heavy  coulomb 
phase  and  the  restrikes  of  lightning  current  may  be  involved 
in  the  swept-stroke  action. 

DAMAGE  PHENOMENA  -  The  types  of  damage 
caused  to  aircraft  components  by  lightning  arc  related  to 
the  three  phases  of  lightning  current  transfer  discussed 
above. 

Thermal  Vaporization  -  The  high  peak  current  phase  of 
the  lightning  stroKc  consists  of  the  transfer  of  a  large 
amount  of  charge  in  a  short  period  of  time,  a  few 
microseconds.  This  charge  transfer  can  result  in  fast  thermal 
vaporization  of  uatcnal.  If  this  occurs  in  a  confined  area,  a 
high  vaporization  pressure  can  be  created.  This  pressure  can 
V  of  sufficient  magnitude  to  cause  extensive  structural 
damage.  Figured  shows  extensive  structu.al  damage  caused 
by  a  lightning  .troke  to  an  unprotected  radomc.  The 
vaporization  of  metallic  and  other  type  materials  and  the 
heating  of  the  ail  inside  the  radomc  o :  ising  created  the 
high  internal  press' ire  that  caused  this  structural  failure.  In 
some  instances,  large  parts  have  been  blown  from  the 
aircraft. 

Burning  and  Eroding  -  The  heavy  coulomb  phase  of  a 
lightning  stroke  can  cause  severe  burning  and  coding 
damage  to  aircraft  structures.  The  most  severe  damage 
occurs  when  the  lightning  channel  dwells  or  hangs  on  one 
point  of  the  aircraft  for  the  entire  period  of  lightning 
current  transfer.  Phis  can  result  in  holes  up  to  a  few  inches 
in  diameter  on  the  aircraft  skin. 

Magnetic  Force  -  The  current  flow  during  the  high  peak 
current  phase  of  lightning  through  sharp  bends  or  comers  of 
aircraft  structure,  can  cause  intensive  magnetic  flux  inter¬ 
action.  In  certain  cases,  the  resulting  magnetic  fot  e»  can 


twist,  rip,  distort,  and  tear  structures  away  from  rivets, 
screws,  and  other  fasteners. 

Fuel  Explosion  -  High  stress  streamers  are  initiated 
from  the  aircraft  extremities  during  the  presmke  phase. 
Certain  types  of  fuel  vents  located  at  these  extremities  are 
susceptible  to  streamer  conditions,  .f  streamers  are  initiated 
from  the  fuel  vent  opening  wnile  the  fuel  vapor  condition  is 
critical,  local  explosion  may  occur.  If  this  explosion  is  not 
properly  controlled,  flames  can  propagate  into  the  fuel  tank 
area  and  cause  a  major  fuel  explosion. 

The  flow  of  lightning  current  through  aircraft  structures 
during  the  hiRh  peak  current  phase  can  cause  sparking  at 
poorly  designed  structural  joints.  If  the  sparking  occurs 
inside  the  fuel  tank  or  critical  fuel  vapor  area,  and  the  fuel 
vapor/air  condition  is  critical,  an  explosion  may  occur. 

The  burning  and  eroding  damage  caused  by  the  heavy 
coulomb  phase  of  lightning  current  is  critical  when  it  occurs 
to  the  skin  of  fuel  tanks  or  fuel  vapor  areas.  The  resulting 
bum-through  penetration  and  in  certain  cases,  hot  spots  on 
the  internal  surface  of  the  skin  can  ignite  fuel  vapor  and 
cause  fuel  explosions. 

Electrical  Current  Conduction  The  flow  of  lightning 
current,  even  a  small  portion  of  it  through  electrical 
components,  can  cause  damage.  In  most  cases,  a  varying 
degree  of  damage  will  result  to  both  the  component  and  the 
associated  small  gauge  wiring. 

Electromagnetic  Coupling  -  The  fast  rate  of  rise  of 
current  during  the  high  peak  current  phase  can  cause  the 
electromagnetic  coupling  effect  to  the  nearby  electrical 
wiring  systems  and  electronic  components.  This  coupling 
uTcct  can  be  severe  enough  to  result  in  the  following 
hazards: 

•  Electrical  shock  to  the  pilot  by  the  conduction  tluough 
wiring  circuits 

•  Failure  of  the  electrical  systems  by  the  faise  trigger  of 
relays 

9  Malfunction  of  the  avionic  and  control  systems,  by 
affecting  solid-state  devices. 

ZONAL  LIGHTNING  PROTECTION 
DESIGN  CONCEPT 

DEFINITION  The  aircraft  surfaces  can  be  divided 
into  three  zones  (7),  with  each  zone  having  differert 
lightning  attachment  and/or  transfer  characteristics.  They 
are  defined  as  follows' 

Zone  1 .  Surfaces  of  the  aircraft  for  which  there  is  a  high 
probability  of  direct  lightning  stroke  attaenment. 
Zone  2:  Surfaces  of  the  aircraft  for  which  there  is  a  high 
probability  of  a  lightning  stroke  being  swept 
rearward  from  a  Zone  1  point  of  direct  stroke 
attachment. 

Zone  3:  The  aircraft  areas  other  than  those  covered  by 
Zone  I  and  Zone  2  regions. 

Figure  5  shows  lightning  strike  zones  of  a  typical  aircraft. 

ATTACH  POINT  STUDY  -  Lightning  attach  points 
include  the  extremities  of  the  aircraft  surface.  In  addition  to 
these  obvious  attach  points,  lightning  can  attach  to  the 
leading  edge  with  a  high  degree  of  «v  ecp  back  wings,  certain 
high-lift  leadirg  edge  devices,  control  surfaces  during  certain 
operational  phases,  canopies,  and  minor  protrusions  located 
near  high  field  gradient  points  on  the  aircraft.  Ail  attach 
points  including  the  nonobvious  ones  should  be  identified  in 
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Fig.  2  -  Composite  natural  lightning  strike  current  waveform 
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the  early  stages  of  aircraft  design  so  that  lightning  protec- 
don  zones  and  thus  protection  design  requirements  can  be 
established. 

The  lightning  strike  zones  of  an  aircraft  can  be 
determined  through  the  laboratory  attach  point  study  (8). 
The  aircraft  model  should  be  of  adequate  size  to  allow  for 
the  proper  modeling  of  candidate  nonobvious  attach  points. 
Cne  such  model  is  shown  in  Figure  6,  during  an  attach  point 
test  shot.  The  longest  dimension  of  this  mode!  is  approxi¬ 
mately  5  feet.  It  should  be  noted  that  the  control  surfaces 
of  the  wing  arc  at  the  most  critical  positions  for  lightning 
strike  attachment.  A  high  voltage  generator  capable  if 
producing  an  arc  of  two  to  three  times  the  longe.t 
dimension  of  the  aircraft  model  should  be  used. 

The  model  aircraft  may  be  mounted  on  a  three-,  xis 
rotatable  fixture  so  that  it  can  be  located  at  any  posi'  c 
relative  to  the  arc  channel.  Lightning  tests  should  V 
conducted  from  various  striking  positions  and  enough  data 
collected  to  determine  all  direct  lightning  stroke  attach 
points  and  thus  Zone  1  regions  of  the  aircraft. 

Zone  2  regions  of  the  aircraft  ;an  then  be  dete.  mined 
by  identifying  all  surfaces  which  extend  18  inches  laterally 
to  each  side  of  airflow  lines  passing  through  the  Zone  1 
forward  protrusion  attach  points.  Other  areas  of  the-  aircraft 
are  defined  as  the  Zone  3  region  (Figure  5). 

DESIGN  CRITERIA  -  Lightning  protection  design 
criteria  should  be  established  on  the  basis  of  the  Zone  1,  2, 
and  3  regions. 

Zone  1  Region  -  The  high  peak  current  phase  of 
lightning  stroke  is  involved  at  all  points  of  direct  attach¬ 
ment.  Thus,  the  design  of  aircraft  components  located  in 
the  Zone  1  regions  must  consider  the  trrnsfer  of  lightning 
cuncnt  described  above  for  this  phase.  (n  addition,  if  the 
lightning  channel  dwells  or  hangs  on,  ouch  as  in  the  trailing 
edge  attach  point  case,  the  design  must  consider  the  heavy 
coulomb  phase  of  »he  lightning  current  transfer.  In  the  case 
of  certain  leading  edge  attach  points,  the  lightning  channel 
may  not  dwell  or  iiang  on  iong  enough  for  the  transfer  of 
the  heavy  coulomb  phase  of  lightning  current;  therefore, 
only  the  peak  current  phase  may  apply.  In  the  fuel  vent 
area,  the  protection  against  the  prestnkc  streamering  and 
stepped  leader  condition  should  also  be  considered. 

Zone  2  Region  -  In  Zone  2  regions  the  swept-stnke 
and  rcstrike  criteria  are  considered.  The  design  of  aircraft 
components  located  where  lightning  attachment  can  dwell 
or  hang  on,  such  as  trailing  edge  areas,  must  consider  the 
protection  against  both  the  rcstrike  and  the  heavy  coulomb 
phase  of  lightning  current  transfer.  Components  located  at 
the  other  areas  should  consider  the  protection  against  the 
swept-stroke  and  restrike  only. 

Zone  3  Region  -  In  Zone  3  regions  the  lightning  current 
transfer  criteria  of  both  the  high  peak  current  phase  and  the 
heavy  coulomb  phase  are  considered.  Efficient  transfer  of 
lightning  current  from  one  region  to  another  on  the  surface 
of  the  aircraft  is  the  principal  requirement. 

DESIGN  CONSIDERATIONS 

The  first  step  after  the  establishment  of  the  lightning 
strike  zones  should  be  to  evaluate  the  various  aircraft 
components  and  identify  the  critical  components  requiring 
lightning  protection.  Design  considerations  for  these  critical 
components  should  be  determined  according  to  their 


vulnerability,  function,  and  location.  Lightning  protection 
design  should  also  consider  all  inflight  environmental  effects 
as  well  as  the  serviceability  and  maintainability  of  proposed 
protection  systems.  Special  design  considerations  for  certain 
selected  components  are  discussed  relative  to  their  locations 
in  the  Zone  1 ,  2,  and  3  regions. 

ZONE  1  REGION  - 

Nose  Radome  -  The  nose  of  an  aircraft,  even  though 
highly  vulnerable  to  lightning  strikes,  is  an  ideal  location  for 
radar,  ECM,  and  glideslope  antennas.  TVse  antennas  when 
housed  within  the  reinforced  plastic  nose  radome  can  U  t/.s 
main  source  of  ionized  streamers  created  at  the  nose  of  (he 
aircraft  during  the  prestrike  phase.  These  streamers  some¬ 
times  pass  through  an  unprotected  radome  creating  a 
potential  path  for  the  main  lightning  stroke. 

The  systems  used  for  protecting  radontes  from  lightning 
damage  have  been  described  previously  by  Douglas  (9). 
These  systems  all  provide  an  electrostatic  shield  over  the 
radome.  This  shield  usually  consists  of  conductive  strips 
instated  on  the  outer  surface  of  the  radome  as  shown  in 
Figure  7.  If  properly  designed  the  strip  installation  can 
reduce  the  streamers  fro.n  the  antenna  inside  the  radome 
while  providing  a  new  source  of  streamers  outside  the 
radome.  Lightning  can  then  attach  to  these  streamers  and 
travel  down  the  strips  to  the  fuselage  without  damaging  the 
radome  or  antennas. 

Devices  available  for  protecting  radomes  from  lightning 
damage  include  metal  foil  strips,  permanent  metal  bars,  and 
segmented  metal/resistance  strip!.  Tlustrated  in  Figure  8. 

Special  design  considerations  are  as  follows: 

•  Selection  of  the  t;  pc  of  lightning  protection  strip  for  a 
particular  radome  design  takes  into  consideration  the 
radome  outer  skin  thickness,  aerodynamic  drag  require¬ 
ments,  and  the  operational  frequencies  of  nearby  antennas. 

•  The  thin  metal  foil  strips*  have  been  used  slicn  the 
aerodynamic  drag  requirements  prevent  the  ihicker  bars 
from  being  installed  on  the  external  surface  of  the  radome. 
The  thin  foil  strips  provide  only  one  stroke  protection  since 
they  vaporize  when  struck  by  lightning.  The  outer  skin  of 
the  radome  must  be  thick  enough  to  prevent  damage  to  the 
radome  when  the  foil  strip  explodes  during  vaporization. 
Thick  foil  strips  may  also  be  used,  but  they  release  more 
energy  during  vaporization  than  the  thinner  foil  strips  and, 
therefore,  require  a  thicker  radome  outer  skin.  The 
magnitude  of  the  vaporization  explosion  is  also  affected  by 
the  type  of  metal  used  in  the  foil  strips. 

A  radio  frequency  noise  source  may  be  created  if  the  metal 
loil  strips  are  improperly  grounded,  or  if  fatigue  cracks 
occur  in  the  strips.  Fatigue  cracks  are  caused,  generally,  by 
improperly  adhesive  bonding  the  strips  to  the  radome 
surface.  Satisfactory  installations  of  0.004-inch-thick  foil 
strips  can  he  achieved,  when  proper  grounding  and  bonding 
methods  are  used.  Extreme  care  should  be  taken  when 
designing  grounding  and  bonding  mechanisms  for  the  strips. 

•  Permanent  metai  bars  can  be  used  in  place  of  the  metal 
foil  strips  to  provide  lightning  protection.  The  metal  bars 
should  be  of  sufficient  cross  section  to  prevent  vaporization 
or  distortion  of  the  strip  near  the  point  of  stroke  contact. 
Metal  bars  can  withstand  repeated  lightning  strokes  rrom 
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Fig.  6  -  Attach  poiru  lightning  test 
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•he  some  direction.  Generally,  they  eliminate  the  problems 
associated  with  thin  foil  strips.  The  attachment  and 
grounding  mechanisms  for  the  strips  should  be  carefully 
designed  to  withstand  the  most  severe  lightning  strokes. 
Special  considerations  should  be  made  in  the  design  of  the 
connection  joint  between  the  bars  and  radome  metal  frames 
so  that  the  magnetic  forces  generated  by  the  lightning 
current  transier  through  the  joint  will  not  damage  it. 

The  expansion  of  g3ses  around  a  lightning  channel  can 
damage  the  radome  outer  skin  at  the  point  of  lightning 
impact,  'the  radome  can  also  be  damaged  if  the  expansion 
of  gases  is  restricted  by  thick  coatings  over  the  metai  bars. 
This  is  particularly  true  for  thin  metai  foil  strips.  The  outer 
skin  of  the  redone  should  be  designed  to  prevent  this  type 
damage. 

0  The  Douglas  segmented  lightning  protection  strips** 
may  be  used  for  those  cases  where  the  degree  of  distortion 
caused  by  the  continuous  metallic  strips  is  not  at  eptable, 
anienna  field  ano  cause  varying  degrees  of  antenna  pattern 
distortion.  This  pattern  degradation  is  unacceptable  for 
many  types  af  antenna  installations.  These  segmented 
lightning  strips  not  only  have  insignificant  effects  cn 
antenna  radiation  patterns,  but  also  can  withstand  repeated 
lightning  strikes  and  have  good  aerodynamic  characteristics. 
This  system  consists  of  metai  segments  connected  by 
appropriate  resistance  material.  The  size  of  the  metai 
segments  should  normally  be  less  than  1/8  wavelength  at  the 
highest  operating  frequency  of  the  antennas  housed  witlvn 
or  adjacent  to  the  radome.  Larger  segments  are  acceptable 
for  many  applications,  however.  An  example  of  a  simulated 
high-voltage  lightning  strike  to  a  nose  radome  protected  by 
the  segmented  strips  is  shown  in  Figure  9. 

Fuel  System  -  Fuel  system  components  located  in 
Zone  i  regions  include  wing  tip  tanks,  ped  tanks,  and  fuel 
vents.  These  components  should  be  designed  to  withstand 
direct  lightning  current  discharges  without  the  initiation  of 
fuel  explosion  ( 1 0  and  II). 

Special  design  considerations  are  as  follows: 

•  Tut  fuel  tank  wall  should  have  adequate  skin  thickness 
to  prevent  burn-through  penetration  or  hot  spots  which  can 
cause  fuel  ignition  (12).  Penetration  can  also  be  prevented 
at  a  forward  point  of  attachment  by  the  reduction  of  the 
lightning  channel  dwell  time.  This  can  be  accomplished  by 
providing  a  conductive  surface  aft  of  the  attach  point,  over 
which  the  lightning  channel  can  easily  sweep  back. 

•  Fuel  tank  elements,  such  as  tubing,  fuel  connections, 
access  doors,  filler  caps,  probes,  vaives,  and  structural  joints, 
should  be  designed  to  avoid  the  initiation  of  sparks  inside 
the  fuel  tanks  or  critical  fuel  vapor  area  dunng  the  trarsfer 
of  lightning  current.  This  can  be  accomplished  by  good 
electrical  bonding  practices  and  the  appropriate  design  of 
structural  joints  to  ensure  that  sparking,  if  any,  occurs 
evierr.3lly  and  not  with'ti  critical  areas  (13). 

•  Fuel  vents  should  be  kept  away  from  Zone  1  regions. 
However,  if  this  is  not  possible,  protective  means  should  be 
provided  to  prevent  fuel  explosion  during  the  pre  strike 
phase  of  lightning  stroke  (14).  Flush  ir  submerged  vents  can 
be  used  to  prevent  the  initiation  of  streamers  during  the 
prestrike  phase.  For  certain  installations,  diverter  rods  can 
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be  used  to  advantage  by  directing  lightning  attachment 
away  fiom  the  fuel  vent.  Also,  when  required,  flame 
arresters  can  be  installed  in  the  vent  system  so  prevent  fiaino 
propagation  into  the  fuel  vent  area. 

Lightning  tests  are  generally  required  to  demonstrate 
the  satisfactory  suppression  of  internal  sparking  in  the  fuel 
tank  area.  Fuel  tank  elements  used  shouid  be  the  actual 
production  parts  and  the  m^exup  of  the  adjacent  areas 
should  be  made  with  the  actual  fabrication  and  installation 
methods. 

Antenna  System  -  Antenna  systems  commonly  located 
in  Zone  1  regions  include  HF,  Losan,  VHF  flush  tail  tip, 
glidesiope,  and  radar  an  .ennas.  Lightning  strikes  to  poorly 
designed  systems  m <y  damage  the  antenna,  associated 
wiring,  and  communication  or  navigation  systems  connected 
to  it.  Even  though  the  physical  damage  tc  the  antenna  may 
be  acceptab’e,  lightning  protection  should  be  provided  to 
prevent  lightning  current  from  transferring  through  the 
wiring  circuit  and  damaging  other  associated  systems  (15). 
In  certain  cases,  dual  antenna  system  installations  may  be 
required. 

Special  design  considerations  are  as  follows: 

•  Lightning  arrester  installations  may  be  used  to  protec. 
certain  ungrounded  antenna  systems,  such  as  the  isolated 
section  type  HF  antenn?.  Figure  10  shows  a  typical  installa¬ 
tion.  It  includes  a  special  spark  gap  between  the  antenna 
and  aircraft  metal  structure,  a  dc  blocking  capacitor,  and  a 
static  electricity  leak  resistor,  all  encased  in  a  meta!/g,ass 
enclosure.  This  installation  can  be  located  within  the 
antenna  assembly  and  carefully  grounded  to  the  aircraft 
metal  structure. 

•  Lightning  diverter  rods  can  be  used  to  control  the 
lightning  strike  attach  point  on  antenna  systems.  Figure  1 1 
shows  a  simulated  Fghtning  test  on  a  diverter  rod  installa¬ 
tion  of  an  antenna  system.  Lightning  arresters  may  also  be 
installed  in  the  antenna  wiring  circuit  for  the  secondary 
protection  where  personal  or  aircraft  safety  is  involved. 

•  The  glidesiope  ?nd  radar  antenna  systems  are  normally 
located  inside  the  nose  radome  housing.  Lightning  protec¬ 
tion  for  these  antenna  systems  is  not  required  if  the  nose 
radome  is  well  protected.  However,  if  this  is  not  the  case, 
lightning  arresters  should  be  installed  in  the  wiring  circuit  of 
these  antenna  systems  to  prevent  the  associated  systems 
being  damaged  by  lightning. 

P-Static  Discharger  Installation  -  P-static  discharger 
installations,  Figure  12,  arc  normally  located  at  the  extrem¬ 
ities  of  the  aircraft  wing  and  tail  assemblies,  and  are 
frequently  struck  by  lightning.  The  lightning  current  trans¬ 
fer  characteristics  of  the  aircraft  p-static  discharger  installa¬ 
tion  have  been  previously  investigated  by  Douglas  (16).  It 
was  concluded  thst,  if  properly  designed,  the  trailing-edge 
type  p-static  discharger  installation  can  provide  local  light¬ 
ning  protection  for  the  associated  aircraft  trailing-edge 
structure. 

Special  design  considerations  are  as  follows: 
o  The  discharger  installation  should  have  a  metal  shank 
section  with  approximately  2  inches  extending  beyond  the 
aircraft  trailing  edge  to  absorb  lightning  current  burning  and 
eroding  damage.  Figure  1 3,  View  A  shows  an  example  of 
severe  burning  and  eroding  damage  caused  by  a  natural 
iightning  stroke  to  a  well-designed  discharger  metal  shank 
section.  No  damage  occurred  to  the  aircraft  structure  during 
this  lightning  stroke  inciden*  Figure  13,  View  8  shows  the 
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Fig.  12  -  Typical  aircraft  p-static  discharger  installations 


Fig.  13  -  Burning  and  eroding  damage 
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type  of  damage  that  woulJ  have  occurred  to  the  aircraft 
structure,  had  a  discharger  with  a  poorly  designed  (short) 
metal  shank  section  been  installed  at  the  same  location. 

•  Riveted  discharger  retainer  installations  using  non- 
corTOsi'"  PR  1422  adhesive,  as  a  faying  surface  seal,  can 
transfer  lightning  current  satisfactorily.  The  previous 
requirement  for  the  use  of  silver  adhesive  in  the  discharger 
retainer  installation  for  lightning  protection  is  not  justified. 

Light  Housing  -  Certain  aircraft  have  navigation  lights 
installed  at  the  extremities  of  the  aircraft  wing  and  tail 
assemblies.  These  housings  are  frequently  struck  by  light¬ 
ning  with  resulting  damage  to  the  housing  structure  and 
light  bulbs.  Figure  14  shows  typical  lightmnp  damage  of  a 
light  housing.  View  A  shows  the  <.  razed  glass  housing  and 
the  eroded  metal  base  caused  by  direct  lightning  stroke 
attachment.  View  B  shows  the  eroded  edge  of  the  metal 
base  caused  by  the  transfer  of  lightning  cuirent  through  a 
poorly  bonded  joint  between  the  light  housing  and  the 
airframe. 

Special  design  considerations  are  as  follows: 

0  The  surface  conductivity  and  dielectiic  strength  of  the 
glass  housing  should  be  evaluated  to  assure  that  lightning 
current  will  flash  over  the  glass  surface  to  the  metal  base 
rather  than  fracturing  or  penetrating  the  gla&i  housing  and 
attaching  to  the  light  bulb  and  associated  wiring  circuit.  If 
this  is  not  possible,  lightning  conductive  surge  protectors 
should  be  used  for  the  wiring  circuit  near  lightning  attach 
points. 

9  The  metal  base  of  the  light  housing  should  be  properly 
designed  and  electrically  bonded  to  the  airframe  to  prevert 
damage  caused  by  the  transfer  of  lightning  current, 
v  When  necessary,  a  lightning  diverter  or  diverter- 
discharger  (a  regular  trailing-edge  type  dischaiger  mounted 
on  an  extended  metal  base)  can  be  used  to  prevent  lightning 
from  striking  the  light  housirg  (16).  Figure  15  shows  the 
development  lightning  protection  tests  of  the  diverter- 
discharger  installation  for  an  aft  wing  tip  navigation  light 
housing.  View  A  shows  a  long  diverter-discharger  installa¬ 
tion  on  top  of  the  light  assembly  that  failed  to  protect  the 
outboard  comer  of  the  light  housing.  View  B  shows  an 
installation  at  the  outboard  wing  tip,  which  was  too  short  to 
protect  the  inboard  comer.  VfewC  shows  an  installation 
which  successfully  intercepted  a  lightning  stroke.  View  D  is 
the  final  design. 

Nose  Pitot  Boom  -  Certain  aircraft  have  a  pitot  boom 
installation  cn  the  nose  radome  as  shown  in  Figure  i6  This 
installation  normally  consists  of  a  long  metallic  pitot  tube 
with  an  anti-icing  electric  heater  system  inside  the  tube,  air 
tubes  connecting  the  instrumentation  in  the  cockpit,  and 
heater  wires  connected  to  the  electrical  system.  The  air 
tubes  are  normally  made  of  plastic  materials  to  avoid  the 
distortion  of  ihe  radar  antenna  radiation  pattern.  Lightning 
protection  techniques  for  this  installation  have  been  investi¬ 
gated  and  reported  by  McDonnell  Aircraft  Company  (17). 

Special  design  considerations  are  as  follows: 

0  Sufficient  metal  cross  section  areas  should  be  provided 
at  the  forward  tip  of  the  pitot  tube  so  that  the  tube  will  not 
be  deformed  and  the  airflow  into  the  tube  will  not  be 
affected  by  the  direct  attachment  of  ljgntning  strokes. 

0  The  flow  of  lightning  current  through  electric  heater 
wires  which  can  vaporize  the  wires  and  damage  the  radome 
housing  should  be  avoided.  This  can  be  accomplished  by 
providing  a  metallic  tube  or  by  using  one  of  the  lightning 


strip  protection  systems  to  transfer  lig'.t.iing  current  from 
the  pitot  tube  to  airaafi  metallic  structure. 

0  Ihe  electuc  voltage  induced  in  the  heater  wires  during 
the  transfer  of  lightning  current  should  be  reduced  to  a  safe 
level.  This  may  be  accomplished  by  twisting  the  wires 
and/or  enclosing  the  wires  in  a  metallic  tube.  Where 
necessary,  a  voltage  surge  protector  can  be  incorporated  in 
the  heater  wire  circuit  near  the  aft  edge  of  the  radome. 

C-.iopy  Aircraft  canopies  may  be  vulnerable  to  direct 
lightning  stroke  attachment  (18).  McDonnell  Douglas  Air¬ 
craft  Company  has  investigated  and  published  data  (19) 
relative  to  the  tneoretical  and  experimental  evaluation  of 
the  canopy  lightning  strike  phenomena,  and  lightning 
protection  methods. 

Special  design  considerations  are  as  follows' 
a  The  primary  hazard  of  lightning  strike  to  an  aircraft 
canopy  is  the  lightning  current  penetration  of  the  canopy 
and  contact  to  the  pilot.  The  construction  and  material  of 
the  canopy  should  be  analyzed  and  tested  for  the  lightning 
current  surface  flashover  versus  penetration  characteristics, 
a  Ihe  lightning  streamering  condition  inside  the  canopy 
during  the  prestrike  phase  should  be  evaluated.  Medical 
study  may  be  required  to  study  the  shock  or  streamering 
effect,  if  any,  associated  with  the  persona!  safety  of  the 
pilot. 

0  Lightning  tests  should  be  conducted  to  demonstrate 
that  the  canopy  structure  can  withstand  the  transfer  of 
lightning  current  without  damage  sufficient  to  create  unsafe 
inflight  conditions. 

#  If  study  indicates  that  special  lightning  protection 
systems  are  required,  lightning  strip  protection  methods 
discussed  previously  for  nose  radomes  may  be  used. 

ZONE  2  REGION  - 

Fuel  System  -  Integral  fuel  tanks  and  pod  tanks  in  the 
wing  area  fall  in  this  region.  Swept-stroke  and  restrike 
lightning  current  may  attach  to  the  fuel  tank  skin  surface 
aft  of  forward  attach  points  such  as  engines,  pylons,  and 
pod  tanks.  Fuel  tank  elements  requiring  lightning  protection 
considerations  include  access  doors,  probes,  filler  caps  and 
fuel  vents.  The  special  design  considerations  are  similar  to 
those  discussed  previously  for  the  fuel  system  in  Zone  1 
regions,  except  that  the  swept-stroke  and  restnke  lightning 
criteria  are  applied.  Boeing  Company  and  Lightning  and 
Transients  Research  Institute  have  investigated  and 
published  data  (20,  21)  relative  to  the  skin  thickness 
requirement  using  aluminum  and  titanium  materials  and 
surface  coating  effects  for  fuel  tanks  in  this  region.  Where 
the  lightning  channel  can  dwell  or  hang  on,  such  as  the 
trailing  edge  of  pod  tanks,  the  skin  thickness  should  be 
designed  to  withstand  the  transfer  cf  heavy  coulomb  phase 
of  lightning  current,  without  causing  penetration  or  hot 
spots  which  may  result  in  fuel  explosion. 

Antenna  System  -  Antenna  systems  located  in  this 
region  include  VHF  blade,  ADF,  and  Loran  antennas. 
Lightning  protection  design,  if  required,  should  be  provided 
to  prevent  lightning  current  from  transferring  through  the 
wiring  circuit  and  damaging  associated  systems. 

Special  design  considerations  arc  as  follows: 

0  Lightning  arresters  should  be  used  in  antenna  wiring 
circuit  to  protect  ungrounded  antenna  systi  ms,  as  required. 
9  Proper  electrical  bonding  should  be  provided  for 
gicundcd  antenna  systems  so  that  l.ghtning  current  can 
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V«ew  C  -  Lightning  current  attached  View  D  -  Successfully  tested 
to  the  diverter-discharger  installation 


Fig.  15  -  Aft  wing  tip  light  housing  diverter -discharger 
installation  lightning  test 
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trail'  it  from  the  antenna  to  aircraft  meta!  structure 
without  causing  burning  damage  in  (he  joint  interface. 

ZONE  3  REGION  - 

Structure  -  Conventional  metal  structures  are  usually 
riveted  or  bolted  together.  These  types  of  structural  joints 
can  transfer  lightning  current  satisfactorily.  The  advanced 
structural  fabrication  techniques  quite  often  use  adhesive 
bond  methods  to  assemble  structures.  The  adhesive  mate¬ 
rials  used  are  normally  nonconductive.  Thus,  ideal  conduc¬ 
tive  paths  for  the  transfer  of  lightning  current  do  not  exist. 
Therefore,  special  means  must  be  incorporated  to  structures 
to  provide  adequate  lightning  current  paths  to  avoid 
extensive  damage  (13). 

Special  design  considerations  are  as  follows: 

•  The  use  of  other  metal  structures  and  conductive 
structural  joints  for  lightning  current  transfer. 

•  The  use  of  a  few  metal  fasteners  through  the  adhesive 
bonded  interfaces  to  provide  a  conductive  lightning  current 
path. 

•  The  use  of  the  peripheral  transfer  desij  c  mcept  (16): 
the  transfer  of  lightning  current  periphery"  across  the 
unsealed  edges  of  the  structural  joint  witl  .mum  burn 
damage  at  the  edges. 

•  The  use  of  conductive  adhesives  for  th.  structural  joints 
should  be  prevented  due  to  the  undesirable  corrosion 
characteristics  of  these  adhesives. 

Fuel  System  -  The  ma’n  consideration  here  is  the 
transfer  of  lightning  current  across  this  region  without  the 
initiation  of  sparks  inside  the  tuel  tank  and  critical  fuel 
vapor  area.  Normally,  good  structural  bonding  techniques 
such  as  rivets  and  bolts,  will  provide  adequate  conductive 
path  for  the  transfer  of  lightning  current. 

Antenna  System  -  Anten.ia  systems  located  in  this 
region  do  not  require  special  lightning  protection  design 
considerations.  Normal  installation  and  bonding  techniques 
are  sufficient  to  shield  lightning  current  from  transferring 
through  the  wiring  circuit  of  these  systems. 

Electrical  Circuit  -  Lightning  current  transfers  from  one 
extremity  of  the  aircraft  to  another  across  numerous 
conductive  structural  elements.  Electrical  circuits  located 
close  to  these  structural  elements  or  using  the  structure  as  a 
ground  return  path,  are  susceptible  to  lightning  impulse 
coupling.  The  vulnerability  of  the  electrical,  navigational, 
communication,  instrumentation,  or  control  systems 
involved,  depends  primarily  on  the  specific  characterisitcs  of 
the  system.  Thus,  careful  analysis  and  measurements  must 
be  made  before  each  system  malfunction  mode  can  be 
identified.  Ft  should  be  noted,  however,  that  the  increasing 
use  of  solid  state  circuits,  with  low  threshold-of-failure 
voltages,  requires  that  a  judicious  search  be  made  to  identify 
possible  problem  areas.  Measurements  and  analysis  of 
lightning  induced  voltages  in  aircraft  electrical  circuits  have 
been  made  by  various  organizations.  One  such  program 
sponsored  by  the  NASA  and  conducted  by  General  Electric 
High  Voltage  Laboratory  has  been  reported  (22).  Douglas 
has  also  made  investigations  in  this  area. 

Special  design  considerations  are  as  follows: 

•  The  measured  and  analytical  data  for  certain  simulated 
conditions  should  be  carefully  used  in  a  system  analysis  to 
define  each  system  malfunction  mode  and  *hus  establish 
appropriate  protection  requirements. 


•  Voltage  surge  protectors  and  band-pass  filters  may  be 
installed  to  reduce  transient  voltage  effects. 

•  Rerouting,  shielding,  and  twisting  of  wiring  may  be 
considered  for  the  reduction  of  transient  voltage  effects  to 
an  acceptable  level. 

•  The  use  of  aircraft  structures  for  ground  return  patns 
should  be  avoided  for  critical  systems. 

ADVANCED  COMPOSITE  AIRCRAFT 

GRAPHITE/BORON  EPOXY  COMPOSITE  AIR¬ 
CRAFT  -  Graphite  and  boron  epoxy  composite  structures 
are  much  less  conductive  both  electrically  and  thermally 
than  conventional  metal  structures;  therefore,  new  lightning 
protection  design  concepts  are  required.  The  general  design 
concept  here  is  to  prevent  any  lightni.ig  current  from 
attaching  to  or  transferring  through  tbese  composite  struc¬ 
tures.  if  this  is  not  possible,  appiouriate  lightning  current 
transfer  paths  should  be  established  „  id  properly  designed 
"o  prevent  damage  to  composite  structures  and  associated 
structural  joints  resulting  from  the  transfer  of  lightning 
current.  Also,  the  aircraft  as  a  whole  should  have  external 
conductive  paths  to  transler  lightning  current  from  one 
extremity  of  the  aircraft  to  the  others  across  Zones  1 ,  2, 
and  3. 

Zone  1  Region  -  Laboratory  simulated  lightning  test 
results  have  indicated  that  boron  and  graphite  epoxy 
composit*  structures  can  be  severely  damaged  when  struck 
by  lightning  (23,  24).  Certain  protection  systems,  such  as 
flame  sprayed  aluminum  or  silver  coatings,  aluminum  wire 
mesh,  and  thin  foil  aluminum  strips,  have  been  developed 
by  the  industry  (25,  26).  However,  while  most  of  these 
systems  may  sustain  considerable  damage  during  lightning 
current  transfer,  they  require  expensive  repair.  Thus,  from  a 
maintenance  point  of  view,  these  systems  are  not  desirable. 
Also,  these  protection  systems  can  only  reduce  damage  to 
composite  structures,  they  cannot  completely  eliminate  it. 
The  resulting  hidden  damage  in  the  structures  and  the 
progressive  damage  by  repeated  contacts  may  become  a 
problem. 

Douglas  lightning  protection  design  experience  indicates 
that  it  is  highly  desirable  to  retain  the  conventional  metal 
structural  components  in  the  Zone  1  regions  for  direct 
lightning  strike  attachment  protection.  However,  for  certain 
designs,  the  weight  reduction  requirement  may  indicate  the 
necessity  of  using  composite  structural  components  in  these 
areas.  In  this  case  it  may  be  possible  to  protect  the 
composite  structure  using  one  of  the  metallic  lightning  strip 
protection  systems  described  for  the  nose  radome  in  the 
extremity  area  of  he  structure  as  a  compromised  design.  To 
prevent  damage  to  the  conductive  composite  structures,  a 
nonconductive  type  adhesive  should  be  used  to  isolate  the 
lightning  strips  from  the  street  are.  Lightning  tests  should  be 
conducted  to  demonstrate  that  lightning  current  will  indeed 
cttach  to  the  meta!  strips  and  transfer  through  the  designed 
hgliining  current  path  avoiding  the  composite  structure 
path. 

Zone  2  Region  -  The  dielectric  shielding  technique 
provides  a  promising  approach  for  lightning  protection  of 
boron  and  graphite  epoxy  composite  aircraft  structures 
located  in  the  Zone  2  region  of  an  aircraft.  The  principle  is 
to  apply  dielectric  materials  over  the  composite  skin  panel 
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and  use  their  dielectric  shielding  strengths  to  prevent  the 
reattachment  of  swept-stroke  and  restrike  lightning  current 
to  the  composite  skin  panel.  The  metal  bar  protection 
system  shown  in  Figure  1 7  can  be  used  in  conjunction  with 
the  dielectric  shielding  system  for  the  protection  of  a  longer 
spen  of  composite  skin  surface.  This  approach  is  based  on 
the  assumption  tnat  sufficient  metal  structure  would  be 
used  in  the  associated  Zone  1  region  for  direct  lightning 
stroke  attachment  (27). 

In  the  past  2  years,  Douglas  has  conducted  swept-stroke 
and  restnke  lightning  tests  over  large  size  (4  by  8  feet) 
boron  and  graphite  epoxy  composite  skin  panels.  Test 
results  indicated  that  this  dielectric  shielding  approach  is 
feasible.  Additional  development  work  is  currently  being 
carried  out  by  Douglas  to  facilitate  the  use  of  this  technique 
on  actual  aircraft  flight  installations. 

The  aluminum  mesh  surface  protection  technique  (28) 
is  another  approach.  This  technique  utilizes  thin  aluminum 
wire  fabric  to  cover  the  composite  skin  panel  so  that  most 
of  the  swept-stroke  and  restrike  lightning  current  will  attach 
to  and  travel  through  the  aluminum  wire  fabric.  When  using 
this  protection  system  design  precautions  should  be  under¬ 
taken  to  avoid  the  following  hazards: 

•  Sparking  at  bolts  and  joints  in  the  fuel  tank  or  critical 
fuel  vapor  area  during  the  transfer  of  lightning  current. 

•  Structural  strength  degradation  of  the  composite  skin 
panel  at  the  point  of  lightning  attachment  and  associated 
joints  that  provide  the  current  path  to  aircraft. 

o  Progressive  unuetected  structural  degradation  caused  by 
repeated  strikes  during  the  life  of  the  aircraft. 

Zone  3  Region  -  The  basic  design  concept  here  is  to 
prevent  lightning  current  from  transferring  through  com¬ 
posite  structures  located  in  these  regions  by  providing  ade¬ 
quate  conductive  paths  across  these  regions.  Metal  strips  or 
bars  may  be  used  to  transfer  lightning  current  across  this 
region.  However,  they  should  be  properly  designed  to  avoid 
sharp  bends  or  comers,  which  may  be  damaged  by  the 
magnetic  forces  during  the  transfer  of  lightning  current. 

If  this  is  not  possible,  composite  laminates  and  associ¬ 
ated  structural  joints  should  be  designed  in  such  a  manner 
so  as  to  prevent  damage  resulting  from  the  transfer  of 
lighting  current.  Techniques  of  increasing  the  h'ghtning 
current  carrying  capabilities  for  boron  and  graphite  epoxy 
composite  laminates  are  being  investigated  by  General 
Electric  High  Voltage  Laboratory  and  the  Philco-Ford 
Corporation  (29,  30).  Douglas  is  currently  studying  the 
lightning  current  transfer  characteristics  tnrough  com- 
posite-to-composite  and  metal-to-composite  structural  joints 
with  the  objective  of  establishing  design  requirements  for 
the  safe  transfer  of  various  types  of  lightning  current. 

The  electromagnetic  shielding  properties  of  composite 
skin  panels  are  much  poorer  than  conventional  metal  skin 
panels  (31).  Thus,  electrical  wiring  systems  located  withir 
structures  containing  composite  skin  panels  are  mere 
vulnerable  to  lightning  current  impulse  coupling.  The 
following  design  guides  can  be  undertaken  to  reduce  the 
coupling  voltage  to  a  safe  level. 

< a  The  use  of  appropriate  ground  return  paths  for  electrical 
wiring  systems. 

•  The  shielding  of  exposed  critical  wiring  by  enclosing  in  a 
grounded  metal  conduit. 

•  The  twisting  of  wire  pairs  of  critical  circuits. 


e  .The  proper  orientation  and  location  of  wires  within  the 
strut  ture. 

GLASS  FIBER  REINFORCED  COMPOSITE  AIR¬ 
CRAFT  -  The  glass  or  nonconductive  fiber  reinforced 
plastic  aircraft  is  not  immune  to  Lghtumg  strikes.  In  fact, .. 
composite  aircraft  whether  fabricated  using  conductive  or 
no.iccnductive  reinforcement  fibers  is  more  difficult  io 
protect  from  lightning  than  an  aircraft  with  a  im-tal  skin. 
This  is  because  the  conventional  metal  skin  can  satisfacto¬ 
rily  shield  metal  control  cables,  fuel  tanks,  engines,  and 
other  critical  components  and  the  pilot  and  passengers  from 
lightning.  Special  features  must  be  added  to  a  plastic  aircraft 
to  provide  the  necessary  lightning  protection. 

An  aircraft  extremity,  even  though  fabricated  of  a 
material  normally  considered  to  be  nonconductive,  can 
provide  a  high  gradient  point  to  which  lightning  may  attach. 
A  lightning  stroke  can  enter  the  reinforced  plastic  structure 
causing  severe  damage  if  the  structure  is  moisture  contami¬ 
nated  or  houses  conductive  components.  The  zones  for  a 
plastic  aircraft  may  be  somewhat  different  than  for  the 
conventional  metal  aircraft.  Metal  cables,  wires,  tubes,  etc., 
may  terminate  halfway  to  the  tip  of  the  wing  present' ng  a 
potential  direct  a*tach  point  at  the  center  of  the  wing  rather 
than  at  the  wing  tip.  This  would  create  different  Zone  1 , 2, 
and  3  regions  than  normally  considered  for  metal  aircraft. 

Local  attach  point  studies  for  plastic  aircralt  should  be 
made  on  full-scale  aircraft  or  full-scale  sections,  such  as  the 
nose  radome,  rather  than  scale  models.  This  is  because  the 
thickness  of  the  dielectric  walls  aftects  the  streamering 
characteristics  of  the  metal  components  within  the  struc¬ 
ture.  These  tests  would  aid  in  establishing  accurate  Zone  1 , 
2,  and  3  areas  for  a  specific  aircraft  design. 

Zone  1  Region  -  Zone  1  regions  on  a  plastic  aircraft  can 
be  protected  by  using  metal  skins,  lightning  diverter  rods,  or 
electrostatic  shielding  of  the  type  discussed  for  the  nose 
radoine.  Where  possible,  the  use  of  metal  components 
within  plastic  aircraft,  which  may  become  a  direct  attach 
point,  should  be  avoided.  Metal  control  cables  should  also 
be  shielded  as  required. 

Electrical  wiring  circuits  located  within  plastic  fuel 
tanks  on  wing  tips  may  present  a  particular  hazard  for 
plastic  aircraft.  The  wires  can  p'ovide  an  attacl  point  and 
conductive  paths  for  lightning  current  in  a  highly  vulnerable 
area.  The  wires  would  vaporize  when  struck  by  lightning 
creating  an  explosive  force  which  can  cause  severe  structural 
damage  and  possible  fuel  :gnition.  Thus,  the  installation  of 
wiring  or  other  metal  components  in  the  tip  tanks  should  be 
avoided.  If  necessary ,  the  plastic  tip  tanks  can  be  protected 
in  a  manner  similar  to  other  plastic  sections  of  the  aircraft. 
Care  should  be  taken  to  assure  that  both  Zone  1  and  Zone  2 
protection  of  the  tip  tanks  is  considered. 

Zone  2  Region  -  Metal  components  such  as  wiring  and 
cables  in  Zone  2  regions  can  be  protected  from  swept 
strokes  using  metal  bars  or  frames  which  provide  externa! 
conductive  paths  normal  to  the  airstream  as  shown  in 
Figure  1 7.  The  lightning  channel  may  then  "hang  on”  and 
transfer  from  one  bar  to  the  next  shielding  metal  compo¬ 
nent  on  the  aircraft.  Spacing  between  the  metal  bars  is  a 
function  of  the  dielectric  strength  of  th<*  wall  and  the  shape 
and  distance  from  the  wall  of  conductive  objects  housed 
within  the  structure.  Metal  bars  instalied  p*  ‘lei  io  the 
airstream  will  not  provide  swept-stroke  pre  .ction  unless 
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j  they  extend  to  the  leading  edge  of  the  vulnerable  area  as 

I  shown  in  Figure  18.  Where  the  parallel  metal  bars  arc 

installed  aft  of  a  metal  section,  the  lightning  channel  may 
sweep  between  two  bsrs  puncturing  the  wail  as  it  sweeps 
back  attaching  to  metal  components  beneath  the  plastic 
j  structure  as  shown  in  Figure  19. 

Zone  3  Region  -  Hazards  of  electrical  wires  used  in 
j  conjunction  with  fuel  tanks  have  been  discussed.  Except  foi 

f  fuel  ignition,  the  same  hazards  exist  for  any  unprotected 

j  wiring  in  the  aircraft  including  the  wiring  to  lights  which  are 

|  normally  located  at  the  aircraft  extremities.  Further,  the 

*  transfer  of  lightning  current  through  an  electrical  wire  in  a 

?  plastic  aircraft  can  cause  fai*ure  of  the  power  generating 

J  system  and  a  direct  hazard  to  the  pilot.  Lightning  arresters 

I  or  surge  protectors  may  be  used  in  these  wiring  circuits  as 

I  required. 

|  A  pilot  is  usually  well  shielded  from  lightning  in  a  metal 

j  aircraft  even  though  special  protection  features  may  be 

=  required  for  canopies.  In  a  plastic  aircraft  the  pilot  can  be 

I  protected  using  the  same  systems  discussed  above.  The 

:  canopy  can  be  protected  using  one  ol  the  systems  discussed 

j  under  canopies  in  this  paper.  The  canopy  protection  system 

j  would  probably  include  an  external  metal  ring  around  the 

i  base  of  the  canopy. 

External  metal  strips  or  bars  should  be  installed  in  this 
!  region,  as  required,  to  transfer  lightning  current  from  one 

extremity  of  the  aircraft  to  another.  These  installations 
-  should  be  designed  to  avo:d  sharp  bends  or  comers  which 

may  be  damaged  by  the  magnetic  forces  during  the  transfer 

of  lightning  current. 

3 

j  CONCLUSIONS 

Many  different  types  of  lighting  protection  techniques 
are  required  to  be  incorporated  in  a  single  aircraft  to 
provide  for  safe  operation  in  the  lightning  environment, 
j  They  are  developed  for  each  individual  aircraft  component 

l  according  to  its  specific  application  and  location  on  an 

j  aircraft.  The  various  phases  of  the  lightning  strike 

:  phenomena,  such  as  the  prestrike  phase,  the  high  peak 

i  current  phase,  and  the  heavy  coulomb  phase,  have  different 

i  damaging  effe  .s  to  aiicraft  components.  The  zonal  design 

concept  can  be  used  to  divide  the  aircraft  into  regions,  such 
as  the  direct  attachment  region,  tne  swept-stroke  and 
i  restrike  region,  and  the  lightning  current  bansfer  region, 

;  which  can  be  specifically  related  to  the  various  phases  of  the 

!  lightning  strike. 

Through  the  above  methods  appropriate  lightning  pro¬ 

tection  designs  can  be  developed.  These  protection  designs 
require  the  consideration  of  u',1  inflight  environmental 
effects  as  well  as  the  serviceability  and  maintainability  of 
proposed  protection  systems.  In  certain  cases,  the  protec¬ 
tion  system  side  effects,  such  as  the  p-static  efiect,  tne 
antenna  radiation  effect,  and  the  electromagnetic  shielding 
effect,  become  important  aircraft  system  performance 
considerations.  These  side  effects  should  be  identified  early 
in  the  design  of  the  aircraft  so  that  appropriate  lightning 
protection  systems  that  ate  compatible  with  all  aircraft 
system  performance  requirements,  can  be  developed  and 
incorporated. 

The  aircraft  lightning  protection  design  '■onsiderations 
discussed  in  this  paper  are  based  upon  available  information. 
Many  factors  are  still  unknown,  especially  those  associated 


with  the  pres*:  ike  ar.‘  the  cloud  to-cloud  lightning  stroke 
phenomena,  which  m«,  have  an  effect  on  certain  lightning 
protection  design  features.  Research  efforts  should  be 
continued  until  J!  phases  of  the  natural  lightning  strike  to 
aircraft  phenomena  can  be  understood,  and  improved  design 
criteria  of  aircraft  lightning  protection  can  be  established. 
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ABSTRACT 

Lightning  and  electrification  protection 
programs  are  now  recognized  by  the  military, 
NASA,  and  the  FAA  as  being  essential  for  most 
aerospace  vehicles.  Safety  of  flight ,  the  cost 
per  vehicle,  and  the  importance  of  completing 
the  assigned  mission  are  seme  of  the  factors 
that  weigh  in  favor  of  such  programs.  In  par¬ 
ticular,  the  hazard  to  aircraft  increases  with 
size,  speed,  and  low-level  flying,  and  with 
greater  use  of  nonmetallic  materials,  sensitive 
solid-state  devices,  and  computerized  flight 
control.  Therefore,  it  was  determined  early  in 
the  design  stages  that  lightning  and  electrifi¬ 
cation  protection  weuld  be  incorporated  into  the 
B-l  aircraft. 


FAMILIARIZATION  with  the  B-l  aircraft  will  be 
gained  by  observing  Figures  1,  2,  and  3. 


Fig-  1. 


Three  such  aircraft  are  presently  under 
construction  to  provide  tlie  Air  Force  with  the 
necessary  information,  through  research, 
development,  test,  and  engineering  (RUTtiL) ,  with 
which  to  base  a  production  decision.  The  first 
two  will  be  equipped  with  basic  flight  equipment 
to  provide  proof  that  the  aircraft  will  fulfill 
the  aerodynamic  and  structural  requirements. 


Fig.  2. 


The  third  air  vehicle  will  be  equipped  with 
offensive  avionics  to  verify  its  strike  capa¬ 
bilities,  i.e.,  radar  penetration  and  weapons 
delivery. 

The  B-l  has  a  wing  span  of  136  feet  when 
the  wings  are  forward  and  78  feet  when  the  wings 
are  swept  aft.  Its  length  is  148  feet,  its 
height  34  feet,  and  its  gross  weight  from 
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350,000  to  400,000  pounds.  It  has  four  General 
Electric  jet  engines,  each  of  the  30. GOO -pounds 
thrust  class.  Its  speed  is  almost  mach  1  for 
low* level  penetration  and  above  mach  2  at  high 
altitude.  Air  vehicle  No.  1  is  scheduled  for 
rollout  iti  February  1 574  and  its  first  flight  is 
scheduled  in  May  of  tnat  year. 

The  B-l  is  an  all-weather  aircraft,  capable 
of  cosseting  the  most  severe  of  military 
missions  despite  the  ever-present  atmospheric 
hazards  due  to  the  effect*  of  lighting  strikes 
and  precipitation  static  (P-static). 

L IQ  FINING  AND  P-STATIC  CONTRACT  REQUIREMENTS 

The  requirements  for  the  system,  which  con¬ 
sists  of  the  B-l  Air  Vehicle,  the  Ground  Support 
Equipment,  and  the  Training  Equipment,  are  out¬ 
lined  in  the  B-l  system  specification.  It  re¬ 
quires  compliance  with  MIL -E-tPSlD,  which  covers 
bonding,  lightning,  and  static  electricity. 

The  Prime  Item  Development  Specification 
covers  the  B-l  vehicle  only.  In  addition,  ic 
requires  compliance  with  MIL- F- 38363  for  fiiel 
system  bonding  and  lightning  hazards,  with  FAA 
AC20-S3  for  lightning  protection  of  the  fuel 
system,  and  with  MIL-C-38373  for  lightning  pro¬ 
tection  of  the  fuel  tank  .filler  cap.  It  is 
intended  that  the  B-l  will  be  "designed  to::  and 
"tested  for"  compliance  with  these  specifica¬ 
tions.  For  the  three  RDT§E  air  vehicles,  the 
lightning  test  requirements  were  amended  to  add, 
"Lightning  strike  tests  will  be  conducted  only 
where  it  cannot  be  shewn  by  analysis  or  similar¬ 
ity  of  previous  design  that  a  lightning  strike 
does  not  constitute  a  safety-of-flight  hazard, " 
In  other  words,  it  must  be  determined  if  the 
RDT60  B-l  can  fly  safely  without  the  section  or 
component  under  consideration.  If  it  can,  LTRI, 
which  is  providing  engineering  assistance,  will 
determine  the  required  protection  without  tests. 
If  it  cannot,  LTRI  must  determine  the  required 
protection  design  and  verify  by  tests. 

PROGRAI  TASKS 

A  program  plan  was  developed  to  insure  that 
the  8-1  is  designed  ar.d  developed  to  comely  with 
the  lightning  and  electrification  (P-static! 
require.iients.  It  outlined  the  tasks  of  the  var¬ 
ious  in-house  design  groups  and  LTRI,  and  speci¬ 
fied  those  required  to  budget  the  funds  neces¬ 
sary  to  carry  out  the  program.  A  work  schedule 
was  also  included, 

A  test  plan  was  developed  for  describing 
the  tests  necessary  to  determine  the  areas  on 
the  aircraft  most  likely  to  be  struck  by  lightn¬ 
ing,  and  the  number  of  static  dischargers 
required  and  their  locations. 


DESIGN  REVIEWS 

Preliminary  design  reviews  wore  conducted 
with  the  various  in-house  engineering  design 
groups  and  with  a  representative  of  LTRI  early 
in  the  program.  Protection  reconmendations, 
within  the  scope  of  the  contractual  specifica¬ 
tions,  were  made  on  the  spot  as  each  engineer 
presented  the  structural  design  for  which  he 
was  responsible.  This  provided  timely  direc¬ 
tion  which,  for  the  most  part,  could  be  imple¬ 
mented  into  the  program  with  little  or  no 
difficulty.  Equally  important .  basic  protection 
was  designed  into  the  aircraft  through  continu¬ 
ous  bonding  as  contrasted  to  the  less  desirable 
add-on  protection. 

Test  results  and  design  recommendations 
received  from  LTRI  are  directed  to  the  corres¬ 
ponding  engineering  design  groups  via  the  pro¬ 
tection  engineering  supervisor  for  incorporation 
into  the  RDT§E  aircraft. 

MODEL  TESTS 

Model  studies  were  conducted  to  determine 
tne  probability  of  strikes  to  the  various  parts 
of  the  aircraft  (Figure  4) .  The  strike  point 
data  also  points  up  unusual  strike  patterns 
which  might  not  be  anticipated  from  analysis  of 
similar  aircraft,  such  as  strikes  to  both 
communications  antennas  observed  by  LTRI  in 
earlier  aircraft  test  programs. 

It  is  worth  noting  ir.  this  partial  sequence 
of  tests  (Figure  S)  that  lightning  strikes  are 
attracted  to  the  horizontal  and  vertical  tail 
tips  t  thus  urovidins  n*rotvC?  lor*  to  tho  ta’l 
cone.  Also ,  the  top  forward  blade  antenna  and 
the  nose  pitot  boom  provide  pto»  action  against 
direct  strikes  to  the  windshields  and  nose 
radome. 

Ninety  percent  of  the  strike  points  in¬ 
volved  the  nose  pitot  boom,  the  wingtips,  and 
the  vertical  and  horizontal  stabilizer  tips 
(Tab'e  I).  Other  strike  points  are  presented  in 
the  table,  as  well  as  the  percentage  of  strike 
points  for  another  swing-wing  aircraft  which  may 
be  used  for  comparison. 

Electrolytic  tank  plots  of  the  model 
(Figure  6)  were  conducted  to  provide  the  basis 
for  the  determination  of  antenna  and  airframe 
threshold  potentials,  and  the  static  discharger 
configuration. 

These  tank  plots  were  drawn  in  the  vertical 
and  horizontal  planes  with  the  wings  swept  in 
various  positions.  From  this  data,  the  dis¬ 
charger  locations  were  determined.  The  major 
factors  utilized  in  optimizing  discharger 
locations  are  the  trailing  edge  electric  field 
and  the  discharger  spacing.  As  a  rule,  the 
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Fig.  4  -  B-l  model  lightning  strike  test. 


discharger  threshold  and  its  discharge  capa¬ 
bility  is  improved  with  the  increasing  electric 
field  produced  as  a  Jesuit  of  the  aircraft  geo¬ 
metry.  mis  increasing  electric  field  is  shown 
by  the  narrower  spacing  of  the  equipotential 
lines  in  the  two-dimensional  plot  shown  in 
Figure  7.  These  equipontials  were  measured  in  a 
three-dimensional  electrolytic  tank.  The  plot 
thus  indicates  that  a  concentration  of  dis¬ 
chargers  should  be  placed  near  the  trailing  edge 
tips.  Conversely,  wind  tunnel  studies  by  LTRI 
have  shown  that  locating  dischargers  too  closely 
together  reduces  their  discharge  capacity  due  to 
their  inherent  shielding  quality;  for  example, 
two  dischargers  wuth  no  spacing  ne tween  them 
would  have  little  better  performance  than  a 
single  discharge!.  Combining  the  trailing  edge 
electric  field  effects  with  the  discharger 
shielding  function  will  yield  an  optimized  con¬ 
figuration.  Tliis  must  be  modified  by  the  space 
charge  effects  formed  by  the  particle  charging 
of  forward  areas  and  the  interference  produced 


by  other  trailing  edge  components  such  as  fuel 
jetison  tubes  and  aileron  edges.  Also,  the 
plots  permitted  the  quantitative  P- static  per¬ 
formance  in  terms  of  corona  threshold 
potentials. 

In  Figure  8,  the  threshold  potentials  are 
shown  on  the  aircraft  without  dischargers.  The 
difference  between  the  aircraft  potentials  shown 
and  the  discliarger  threshold  potential  illus¬ 
trates  that  the  discharger  increases  the  corona 
threshold  potential  of  the  basic  airframe.  The 
major  functions  of  the  discharger  are  to  reduce 
the  aircraft  potential  and  to  quietly  dissipate 
the  accumulated  charge  due  to  atmospheric 
precipitation  and  engine  exhaust,  thereby  per¬ 
mitting  operation  of  the  HP  communications  ir. 
low-signal  strength  areas.  It  was  initially 
determined  that  44  aiscliargers  vere  needed  for 
each  B-l  aircraft.  This  number  .vas  reduced  to 
41  due  to  the  location  of  the  fue*  dump  at  each 
wingtip,  and  provisions  for  the  future  installa¬ 
tion  of  an  antenna  within  the  vertical  tail  tip. 
The  primary  emphasis  in  the  precipitation 
static  program  for  the  B-l  has  been  a  balanced 
approach  to  include,  in  addition  to  an  adequate 
discharger  installation,  the  use  of  resistance 
paints  on  forward  dielectric  skin  areas  and 
careful  attention  to  bonding  of  electrically 
floating  external  skin  sections. 


Fig.  5  -  Partial  sequence  of  1.5-mil  lion -volt 
strikes  to  model  about  pitch  axis. 
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Table  I 

PERCENT  DISTRIBUTION  OP  STRIKE  POINTS 
B-l  MODEL  STUDIES 


Configuration 

Other  (1) 
Swing - 
Wing 

(1) 

(2) 

(3) 

(4) 

I 

i: 

III 

IV 

Aircraft 

Pitot 

boom 

2S.0 

25.0 

26.0 

28.0 

24.0 

Wingtips 

41.0 

4C.0 

39.0 

40.0 

38.0 

Vertical 

Stabilizer 

9.7 

10.0 

10.0 

10.0 

13.0 

Horizontal 

stabilizer 

14.0 

14.0 

15.0 

14.0 

1S.0 

Engine 

4.2 

2.3 

2.3 

1.4 

7.0 

Mode 

control  fin 

O.S 

0.5 

0.9 

0 

- 

.’op 

antennas 

0.9 

1.4 

1.4 

1.4 

- 

Forward 
radome  base 

0 

0 

0 

0 

Aft  radome 
base  (or 
tail  cone) 

2.8 

3.7 

3.2 

2.3 

1.0 

Windshield 

eyebrow 

0.5 

0.5 

0.5 

0.5 

2.0 

Fuselage, 

bottom 

forward 

0 

0.9 

0 

0 

0 

Extern  il 
stores 

0 

0 

2.0 

2.8 

0 

(1)  No  external  stores 

(2)  With  external  bombs 

(3)  With  external  missiles 

(4)  With  external  fuel  tanks 


SECTIONS  AND  COMPONENTS  TESTS 

As  the  model  test  progressed,  a  design 
review  was  implemented  with  the  many  engineering 
design  groups,  and  specific  aircraft  sections 
and  components  were  recoimtended  to  be  evaluated 
and/or  tested. 

The  B-l  sections  and  components  winch  are 
to  undergo  lightning  and  P-static  evaluation 


Fig.  6  -  B-l  model  in  electrolytic  tank  over 
ground  plane. 

and/or  tests  are: 

Safety  of  Flight  Items 

Forward  upper  and  lewer  wing  glove 
panels 

Energy  transfer  system 
Horizontal  tail  spindle  bearings 
Radomes 

Windshicld/window 
Fuel  system  components 
External  lights 
Pitot  boom  assembly 
Engineering  Test  and  Evaluation  Items 
Wingt ip 
Fin  tip 
Blade  antenna 
Special  test  panels 
Fuselage  splices 
Wing  splices 
Nonmetallic  surfaces 
Door  seals 

After  Production  Decision  Items 

Wing  slat,  wing  flap,  and  mode 
control  bearings 
Aft  upper  wing  glove  panel 
Wing  pivot  structure 

The  tests  began  in  June  of  this  year  and  are 
being  conducted  at  LTRI.  Except  for  five 
items  which  will  be  tested  after  production 
decision,  the  tests  arc  scheduled  to  be  com¬ 
pleted  in  August  1974. 
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Fig.  7  -  Equipotential  lines  in  horizontal 
plane  with  wings  forward. 


GENERAL  DESIGN  CONSIDERATIONS 

(1)  One  of  the  first  considerations  con¬ 
fronting  NR  involved  the  bonding  requirements 
of  MIL-B-5087B  versus  the  corrosion  prevention 
requirements  of  MIL-F-7179D  and  the  Prime  Item 
Development  Specification.  The  requirements 
outlined  in  these  specifications  are  almost  in 
direct  conflict  with  each  other;  one  requires 
the  metallic  bonds  to  have  high  electrical 
conductivity,  while  the  others  allow  no  elec¬ 
trical  conductivity  where  the  mating  surfaces 
are  exposed  to  the  atmosphere.  One  might 
think  that  internal  base  metal  bonds  with 
sealants  around  the  outside  periphery  would 
suffice.  However,  this  design  is  very  diffi¬ 
cult  to  maintain  because  of  the  continual 
flexing  of  each  joint  while  the  aircraft  is 
flying.  Thus,  the  sealant  may  crack  and  let 
moisture  penetrate  the  joint. 

Therefore,  a  test  plan  outlining  a  series 
of  tests  was  prepared.  It  specifies  testing  a 
number  of  samples  configured  from  the  ideal 
electrical  bond  (bare  metal  to  bare  metal) ,  to 
the  ideal  bond  for  preventing  corrosion  (two 
coats  of  primer  dried  over  anodized  surfaces) , 
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Fig.  8  -  Potentials  required  to  bring  the 
aircraft  extremities  to  corona  threshold. 


with  various  combinations  in  between.  The  re¬ 
sults  are  expected  to  guide  us  in  the  prepara¬ 
tion  and  mating  of  metal  surfaces  throughout 
the  construction  of  the  aircraft.  (See 
Figure  9.) 

Lightning  currents  are  of  sufficient  mag¬ 
nitude  to  penetrate,  to  some  degree,  through 
the  joint  bonding  no  matter  what  configuration 
is  used.  However,  it  will  be  of  interest  to 
determine  their  destructive  effects  with  re¬ 
spect  to  the  corrosion  prevention  materials. 

(2)  There  is  need  for  a  white,  anti¬ 
static  paint  which  will  withstand  high  temper¬ 
atures  ,  have  antierosion  qualities,  and 
measure  10  to  50  megohms  per  square.  If  a 
paint  with  these  characteristics  were  applied 
to  all  nonmetallic  surfaces,  it  would  fulfill 
a  particular  set  of  requirements  inposed  on 
the  B-l.  After  an  extensive  search,  a  mate¬ 
rial  claimed  tc  be  capable  of  fulfilling 


Fig.  9  -  Exploded  view  of  B-l  showing  materials 
used. 


these  requirements  was  found.  Has  material 
will  be  tested  to  determine  its  acceptance  for 
use  in  the  B-l  program. 

(3)  The  lightning  protection  designs  for 
nonmetallic  skin  surfaces  currently  being 
tested  include  the  application  of  flame- 
sprayed  aluminum,  the  application  of  aluminum 
foil,  and  the  application  of  a  fine  mesh  alu¬ 
minum  screen.  Methods  of  establishing  ade¬ 
quate  electrical  bonds  to  the  metallic  frames 
are  also  being  investigated.  Economics,  and 
the  ease  of  installation  and  replacement,  will 
play  a  major  role  in  the  selection  of  the 
design  to  be  used. 

(4)  Static  dischargers  will  be  installed 
on  the  B-l.  The  plan  is  to  provide  two  paral¬ 
lel  approaches  regarding  the  design  of  the 
dischargers  themselves.  The  first  is  to  use 
and  flight  test  off-the-shelf  F-lli  hardware, 
which  hac  flown  in  an  environment  similar  to 
the  B-l  (high-mach,  swing-wing) ,  with  minor 
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modifications  to  provide  assurance  that  RETT5E 
schedule  dates  will  be  met.  The  second  ap¬ 
proach  is  to  develop  B-l  tailored  designs  and 
have  these  designs  ready  in  the  event  that  the 
available  dischargers  do  not  prove  conpletely 
satisfactory.  In  addition  to  providing  noise 
quieting,  we  are  looking  for  a  discharger  that 
can  withstand  high  temperatures  for  long 
periods  of  time,  is  lightweight  and  causes 
little  or  no  drag,  has  antierosion  qualities, 
provides  local  lightning  protection  for  the 
aircraft  (does  not  easily  cause  skin  burning) , 
and  has  good  reliability  and  long  service  life. 

(5)  A  controlled  circuit  grounding 
scheme  has  been  implemented  throughout  the  B-l 
system.  The  aircraft  electrical  power  system 
is  basically  a  single-point  grounded  neutral 
wire  return  with  few  exceptions.  The  elec¬ 
tronic  circuits  are,  for  the  most  part, 
isolated  from  power  by  transformers,  and 
grounded  to  structure  only  where  it  is  deemed 
necessary.  Each  circuit  ground  is  being  ana¬ 
lyzed  in  detail  by  the  electromagnetic  com¬ 
patibility  engineers.  Since  lightning  may 
enter  the  aircraft  and  damage  electrical/ 
electronic  circuits  and  the  equipment  they  are 
connected  to,  it  was  found  desirable  to  pre¬ 
vent  those  circuits  classified  as  "mission 
essential,"  "safety-of- flight,"  and  those 
appearing  at  the  external  surface  of  the  air¬ 
craft  from  being  multipoint  grounded.  This  is 
thought  to  deter  lightning  currents  from  en¬ 
tering  at  one  ground  point,  traveling  along 
the  wire  through  wire  bundles  and  equipment, 
and  leaving  by  way  of  the  other  ground 
point(s) .  This  scheme  is  desirable  from  an 
electromagnetic  compatibility  viewpoint,  also. 
In  addition,  the  circuits  exposed  to  the  ex¬ 
ternal  surface  through  electromagnetic  windows , 
such  as  the  nose  pitot  boom  heater  wires,  the 
window  and  windshield-heater  circuits,  antenna 
circuits,  and  all  external  lights,  have  secon¬ 
dary  protective  spark-gap  devices  as  well. 

The  electrical/electronic  wiring  is  en¬ 
closed  ir  conduit  runs  between  shielded  equip¬ 
ment  bays  for  protection  from  the  nuclear 
electromagnetic  pulse.  In  a  few  isolated 
cases,  where  the  circuits  are  terminated  out¬ 
side  an  equipment  bay,  the  wire  that  extends 
beyond  the  conduit  is  covered  with  a  braided 
shield.  Ihe  shields  and  conduit  are  grounded 
to  structure  so  that  any  stray  electrical 
energy  that  is  impressed  or  induced  on  the 
shields  or  conduit  may  be  dissipated  directly 
to  structure.  These  drainage  paths,  together 
with  spark-gap  drainage  devices  and  sufficient 
conductivity  through  skin  joints,  are  expected 
to  provide  the  protection  necessary  to  keep 
most  of  tire  lightning  and  P-static  energies  on 
the  external  surface  of  the  aircraft. 


SPECIFIC  DESIGN  (DNS IDE PAT I CMS 

(1)  Normally,  the  heater  wire  dielectric 
strength  in  the  nose  pitot  boom  is  approxi¬ 
mately  700  volts.  The  pitot  heater  wiring  will 
be  carried  back  to  the  forward  bulkhead  through 
copper  tubing  to  reduce  the  coupled  potentials 
from  the  lightning  currents'  high  inductive 
voltages.  This  voltage  across  the  heater 
wiring  inside  the  tubing  is  approximately 
equal  to  the  product  of  the  t thing  resistance 
and  the  lightning  current  or  about  500  volts 
plus  the  end  joint  bonding  resistance.  There 
will  be  several  parallel  paths  between  the 
boom  and  the  forward  bulkhead  through  which 
the  energy,  from  a  lightning  strike  to  the 
boom,  must  travel.  If  our  "best  effort"  bonds 
measure  2.5  milliohms  dc  resistance  per  bond, 
it  is  estimated  that  a  current  flow  of  200,000 
amperes  tn  rough  these  bonds  would  create 
between  970  and  1,350  volts  potential  at  the 
nose  boom  depending  on  the  nunter  of  joints  in 
the  final  design.  This  exceeds  the  dielectric 
strength  (700  volts)  of  the  usual  heater  wire 
construction  and  is  considered  a  potential 
hazard. 

Tiie  present  protection  design  includes  a 
dielectric  strength  of  1,000  volts  which  has 
been  assured  by  several  vendors  without  in¬ 
creasing  the  diameter  of  the  boom,  an  isolation 
transformer  which  lias  beer,  inserted  into  the 
circuit  to  increase  the  heater  wire  dielectric 
strength  to  structure,  and  spark-gap  protectors 
which  have  been  placed  across  each  line  to 
structure  between  the  transformer  and  the  boom, 
to  drain  abnormal  currents. 

(2)  The  nose  radome  is  about  12- feet 
long,  pointed,  and  made  of  polyimide  quartz. 

For  obvious  reasons,  the  radar  equipment  engi¬ 
neers  prefer  not  to  have  any  metal  on  the 
radome.  However,  from  a  lightning  and  P-static 
protection  ’.dewpoint,  metal  strips  or  buttons 
should  be  placed  on  its  surface  in  addition  lo 
an  antistatic  coating.  This  type  of  protec¬ 
tion,  together  with  the  nose  pitot  boom  acting 
as  a  lightning  rod,  should  provide  ample  pro¬ 
tection  for  the  radome.  Since  it  is  not  known 
at  this  time  wnat  degradation  effects  this 
protection  design  produces  with  respect  to  the 
operation  of  the  internal  radar  equipment,  the 
radome  will  be  tested  with  and  without  this 
protection  and  a  trade-off  study  will  be  made. 

(3)  It  was  recognized  at  the  beginning 
of  the  B-l  program  that  a  permanent  antistatic 
coating  was  needed  for  the  windshields  and 
windows.  Glass  was  thought  to  be  an  ideal 
material,  for  an  applied  tin-oxide  antistatic 
coating  could  be  tested  at  supersonic  speeds. 
However,  glass  did  not  fulfill  all  the  require¬ 
ments  imposed,  as  a  4 -pound  bird  having  a 
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velocity  of  650  mph,  directed  at  a  2S-degree 
angle  to  the  windshield,  resulted  in  extensive 
fracturing  and  reduced  visibility.  Also,  the 
glass  would  have  to  be  approximately  1.4  inches 
thick  to  present  bird  penetration. 

Conparing  an  all-glass  with  an  all¬ 
plastic  17-square- foot  windshield,  the  glass 
was  found  to  be  the  same  thickness,  2.2  times 
heavier,  three  times  more  expensive,  and  to 
have  more  optical  distortion  due  to  its  curva¬ 
ture.  Also,  glass  fractures  extensively  due  to 
bird  impact.  Thefore,  it  was  determined  that 
the  windshields  and  windows  would  be  made  of 
plastic.  This  design  is  shown  in  Figure  10. 


The  basic  problem  with  large  aircraft 
windshields  is  that  particle  friction  charging 
of  the  external  dielectric  surface  can  store 
large  energies  in  the  parallel  plate  capacitor 
formed  by  the  external  charge  and  interior 
electrical  heating  coatings.  This  charge, 
when  accumulated  to  a  sufficient  potential, 
can  spark-over  to  the  exterior  mounting  frame 
of  the  windshield,  thus  inducing  large  poten¬ 
tials  into  the  heater  circuitry  potentials 
corresponding  to  the  discharge  of  a  60,000- 
picofarad  capacitor  charged  to  60,000  to 
100,000  volts.  Because  of  the  obscure  nature 
of  this  effect,  of  which  most  ground  mainte¬ 
nance  personnel  are  not  aware,  such  failures 
are  generally  attributed  to  other  causes  such 
as  electrical  component  failure  m  the  hea.er 
control  circuitry,  bad  relays,  etc.  Also,  if 
the  windshields  are  sufficiently  large  rnd  the 
outer  dielectric  layer  between  the  external 
charge  and  the  heating  layer  is  sufficiently 
thin,  puncture  may  occur  to  the  interior 
heating  layer  resulting  in  shattering  of  the 


windshield  cuter  ply.  Also,  radio  interfer¬ 
ence  is  generated  by  the  almost  continuous 
streamering  across  the  windshield  exterior  dur¬ 
ing  penetration  through  dry  particle  clouds. 
Thus,  conductive  coatings  of  some  type  are 
necessary  on  the  windshield  exterior  to  limit 
the  external  potentials  which  can  be  accumu¬ 
lated  and  thus  eliminate  the  damages  which  can 
be  produced. 

An  approach  is  being  tried  which  has  been 
successfully  used  on  nontransparent  radome 
coatings  in  which  a  conducting  rubber  is 
covered  by  a  thin  layer  of  5  to  10  mils  of  an 
insulating  rubber  surface.  Because  of  the 
large  surface  area  and  thin  dielectric  coat¬ 
ing,  the  external  charge  can  drift  through  the 
low  resistance  of  the  thin  layers  to  the  sub¬ 
surface  conductive  coating  to  limit  the  pre¬ 
cipitation  static  potentials.  This  approach 
is  being  proposed  by  Coodyear  Aerospace  Corpo¬ 
ration  for  t'-.e  B-l  windshield  in  which  the 
plastic  outer  windshield  ply  is  being  covered 
with  two  transparent  coatings  -  one  conducting 
to  bleed  the  charge  off  and  an  external  hard 
coating  to  withstand  the  severe  in-flight 
erosion  environment. 

(4)  All  fuel  system  components  will  be 
evaluated.  Many  will  be  testet  for  lightning 
and/or  P-static  protection  in  accordance  witn 
the  innovations  program.  These  are  included 
in  the  foregoing  list  of  sections  and  com¬ 
ponents  to  be  tested. 

The  fuel  tank  skin  thicknesses  have  been 
designed  to  fulfill  the  lightning  protection 
requirements  of  the  FAA  Advisory  Circular 
20-53.  This  circular  specifies  0.030 -inch 
aluminum  or  the  equivalent  to  prevent  pene¬ 
tration  of  a  dwell  stroke  in  the  zone  1 
area.  Zone  1  is  defined  as  the  area  within 
18  inches  of  the  leading  edge  of  the  wings 
(they  sweep  back  more  than  45  degrees)  and 
wingtips,  the  trailing  edge  of  the  horizontal 
tail  and  horizontal  tail  tips,  and  the 
vertical  tail  tip.  Also  included  are  the 
nose  pitot  boom,  nose  and  aft  radomes, 
antennas,  external  stores,  air'  inlet  ducts, 
and  engine  nacelles.  The  present  B-l  design 
provides  an  aluminum  thickness  slightly  less 
than  0.080  inch  over  a  portion  of  the  zone  2 
fuselage  fuel  tanks.  The  design  also  provide' 
a  nitrogen  inerting  system  in  the  fuel  tanks 
for  protection  against  fire  and  explosions 
resulting  from  incendiary  projectiles.  The 
inerting  system  ^s  designed  to  supply  nitro¬ 
gen  for  "he  entire  mission.  However,  this  may 
be  cycled  for  the  purpose  of  supplying  the 
nitrogen  only  whan  it  is  needed.  Mien  che 
fuc-l  tanks  are  inerted,  protect ; on  against 
lightning  is  provided. 

(5)  Bonding  across  the  movable  wing 
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poses  a  problem  as  the  wing  is  designed  to 
slide  over  plastic  runners  for  a  considerable 
distance.  The  only  practical  location  for 
bonding  the  wing  to  the  wing  carry- through 
structure  is  at  the  wing  pivot.  The  bonding 
conductor  should  be  of  highly  conducting  metal, 
such  as  copper,  and  shaped  in  the  form  of  a 
flexible  tube.  This  configuration  presents  a 
minimum  impedance  through  which  the  current  is 
expected  to  flow.  However,  there  will  be  many 
metallic  "tubes"  across  the  wing  pivot  which 
are  needed  to  transport  hydraulic  fluids  ;md 
fuel  and  to  house  electrical  circuit  wires. 

The  conductivity  is  considered  ample,  and  an 
additional  bond  is  probably  not  required. 
However,  an  adequate  bond  path  is  being  pro¬ 
vided  in  addition  to  these  tubes  and  conduit, 
and  the  entire  configuracion  is  to  be  tested 
for  lightning  protection,  afte:-  production 
decision. 

(6)  The  surface  of  the  wing  tip  is  fiber¬ 
glass  honeycomb  construction.  The  tip  has  a 
large  aluminum  cast  bow  around  its  periphery, 
except  for  an  8-inch  wingtip  light,  which  pro¬ 
vides  a  direct  electrical  path  to  the  wing 
structure.  This  tip  has  the  capability  of 
adapting  to  a  wire  mesh  placed  over  its  sur¬ 
face  at  a  later  date  without  great  difficulty 
should  the  results  from  lightning  tests 
dictate  its  inclusion. 

(7)  The  wingtip  light  sits  in  a  pie¬ 
shaped,  quarter-segment,  metal  frame.  Its 
1/4-inch-thick  glass  has  no  metal  around  its 
outside  edge  which  is  approximately  8  inches 
in  length.  The  lamp  sits  in  the  apex  of  the 
metal  frame  in  excess  of  2  inches  from  the 
outside  edge  of  the  glass.  It  is  believed 
that  a  lightning  strike  will  attach  itself  to 
the  metal  frame  rather  than  shatter  the  glass 
to  reach  the  lamp  inside.  However,  backup 
spark-gap  protectors  will  be  placed  between 
the  auto  transformer  and  the  lamp  to  limit  the 
energy  coupled  from  a  lightning  strike  to  tne 
laup's  circuit.  The  wingtip  with  its  light 
will  undergo  lightning  and  P-static  tests  in 
order  to  determine  further  design  refinements. 

(8)  The  mode  control  bearing  (the  bear¬ 
ing  for  the  forward  small  canard- type  wing 
surface),  the  wing  slat  bearing,  and  the  wing 
flap  bearing  will  be  tested  after  production 
go-ahead,  as  none  have  been  determined  to 
involve  safe ty-of- flight.  However,  the 
horizontal  tail  spindle  bearings  will  be 
tasted  during  the  RDT§E  program  and  adequate 
protection  will  be  applied. 

(9)  The  third  RDTSE  aircraft  may  have  a 
radome  at  the  aft  end  of  the  vertical  stabi¬ 
lizer  tip  to  accorrrrcdate  several  internal 


antennas.  At  this  aft  end,  it  is  desirable 
to  place  a  static  discharger  for  the  reduc¬ 
tion  of  RF  noise.  However,  any  metal  appear¬ 
ing  in  the  view  of  the  antennas,  other  than  a 
discharger  needle,  would  be  detrimental  to 
the  operation  of  the  internal  equipment. 
Therefore,  our  lightning  and  P-static  pro¬ 
tection  design  for  the  vertical  stabilizer 
tip  includes  a  discharger  rod  that  extends 
beyond  the  aft  tip,  a  metal  sliank  approximately 
2  inches  long  for  lightning  protection,  a  metal 
base  metallicly  fastened  to  a  wire  mesh  imbeded 
in  the  top  of  the  rademe  forward  of  the  antenna 
view,  and  adequate  bonding  of  the  mesh  to  the 
aircraft  structure.  The  entire  vertical  tail 
tip  will  be  tested  at  LTRI  for  verification  of 
this  design. 

INSTALLATION  REQUIREMENTS  AND  VERIFICATION 

Installation  requirements  and  specific 
instructions  will  appear  on  installation 
drawings.  Verification  oy  inspections  and 
tests  will  be  formally  presented  in  an  in- 
house  process  specification. 

Bonding  requirements  for  structure  and 
skin  joints  will  be  determined  from  laboratory 
tests.  Direct  current  and  low-frequency  mea- 
measurements  will  be  made  with  the  hardware 
installed  on  a  random  sampling  basis,  as  well 
as  selected  items  that  will  be  specified  for 
each  aircraft.  Direct  correlation  between 
the  test  samples  and  ;he  assembly  line  hard¬ 
ware  is  expected  with  these  two  types  of 
measurements . 

FLIGHT  TEST  VERIFICATION 

A  flight  test  will  be  conducted  with  all 
the  electronics  operating  to  verify  the  effec¬ 
tiveness  of  the  static  dischargers.  The 
minim rm  testing  requirements  for  the  effects 
of  airframe  electrification,  propulsion  system 
charging,  corona  discharge,  etc,  will  be  accom¬ 
plished  by  flying  under  conditions  maximizing 
these  effects  while  operating  equipments  and 
testing  for  degradation  of  operation. 

SUNMARY 

There  are  many  design  areas  which  require 
RDT5E  effort  in  order  to  fulfill  the  B-l  re¬ 
quirements,  These  include  (1)  radomes, 

(2)  windshields  and  windows,  (3)  other  plastic 
material  surfaces,  (4)  metallic  bonding  versus 
corrosion  prevention,  (5)  a  white  antistatic 
paint,  (6)  static  dischargers  for  the  swing 
wing,  and  (7)  protection  foi  the  vertical  tail 


249 


tip.  NR  has  developed  and  is  implement¬ 
ing  a  program  which  will  fulfill  the  B-l 
lightning  and  electrification  protection 
requirements. 
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ABSTRACT 

Laboratory  and  flight  tests  were  performed  complicating  the  seising  problem.  The  primary 

to  investigate  various  e-.‘ive  discharger  systems,  limit  on  current  discharged  from  an  element  is 

and  sensing  problems  as  they  relate  to  the  established  by  the  ion  cloud  formed  about  the 

Boeing  301  PLH  Helicopter.  Excellent  agreement  element  by  the  discharge  products,  and  the 

between  laboratory  studies  and  flight  tests  complicated  airflows  which  cannot  bo  simulated 

were  obtained.  adequately.  Proper  description  of  all  of  these 

The  experiments  show  that  while  high  net  parameters  in  sufficient  detail  to  permit  an 

current  (>  600  pi.)  discharger  designs  were  accurate  analytic  solution  appeared  impossibly 

probably  leasable  for  the  HLH  helicopter,  the  difficult,  and  an  experimental  approach  was 

accurate  sensing  of  the  helicopter  potential  followed  Instead. 

(with  respect  to  ground)  would  be  very  difficult  Si.ice  flight  tests  can  be  very  expensive 

when  the  helicopter  was  operated  in  an  external  and  marginally  productive  unless  they  are 

space  charge  environment,  carefully  planned  to  elemlnate  as  much  random 

testing  as  possible,  it  dictated  that  the 

WHEN  CONSIDERING  the  problem  of  maintaining  the  flight  tests  be  proceeded  by  thorough  laboratory 

potential  to  ground  of  a  hovering  helicopter  and  ground  tests  to  serve  as  a  guide  to  deter- 

noar  zero,  it  becomes  apparent  that  the  most  mining  the  ultimate  course  of  tho  flight  tests, 

crucial  problems  are:  a)  Devising  a  scheme  for  With  the  above  arguments  in  mind,  it  was 

accurately  measuring  tho  helicopter-tc-ground  decided  that  the  program  would  be  conducted  in 

potential  in  the  presence  of  charged  particles,  three  phases.  In  the  first,  laboratory  simul- 

dischargod  ions,  and  external  electric  fields;  atlons  of  various  designs  of  dischargers  wore 

and,  b)  Designing  and  positioning  a  discharging  carried  out  at  SRI  to  investigate  likely 

element  on  the  helicopter  capable  of  removing  approaches,  and  to  weed  out  those  which  proved 

from  the  aircraft  tho  requisite  discharge  current.  to  be  undesirable.  In  the  second  phase,  ground 

There  are  many  othor  problems  associated  with  tests  were  carried  out  on  a  CH-47  helicopter  at 

the  development  of  a  functioning  active  dis-  Boeing  Vertol  to  verify  the  laboratory  results, 

charging  system  such  as  designing  a  high  voltage  and  to  investigate  the  workability  of  proposed 

supply  capuble  of  operating  in  the  helicopter  flight  test  systems  in  an  actual  helicopter 

environment,  designing  a  stable  servo  system,  environment.  In  the  third  phase,  flight  tests 

etc.,  but  unless  the  problems  of  sensing  and  were  conducted  at  the  Yuma  Proving  Grounds, 

discharging  have  been  solved,  all  other  problems  Yuma,  Arizona,  using  an  Instrumented  CH-47 

,  «re  academic.  helicopter. 

A  review  of  the  general  problem  quickly 

indicated  that  any  approach  to  this  investigation  LABORATORY  INVESTIGATION  OF  DISCHARGER  DESIGNS 
must  lean  heavily  on  experiment.  The  geometry 

of  the  helicopter  is  sufficiently  complicated  Experience  in  designing  fixed-wing  aircraft 

that  a  purely  analytical  approach  to  a  stuay  of  discharging  systems  indicates  that  it  is 

tho  electrostatic  fields  in  its  vicinity  is  essential  that  the  discharge  products  be  inject- 

difficult.  Tho  problem  is  further  complicated  ed  into  a  high  velocity  airstream  to  carry  them 

J  By  the  fact  that  a  hovering  helicopter  may  not  away  and  minimize  tho  limitation  of  the  dis- 

be  located  in  a  field-free,  charge-free  region,  charge  by  the  presence  of  the  discharge  ion 

i  but  can  be  surrounded  by  charged  precipitation  cloud.  In  addition,  it  is  important  that  the 

'■  particles,  discharged  ions,  etc.,  severely  discharge  products  be  directed  away  from  any 
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field  sensing  devices  being  used  to  measure 
aircraft  potential.  In  casting  about  lor  likely 
locations  for  discharging  elements  on  a  heli¬ 
copter,  one  is  immediately  led  to  the  tips  of 
vhe  roto.-'  blades  since  these  are  regions  of 
clearly-defined,  high-velocity  airflow.  Unfort¬ 
unately,  active  discharging  elements  located  on 
the  blades  greatly  complicates  rotor  design.  A 
second  (smaller  and  slower)  region  of  directed 
airflow  away  from  the  helicopter  exists  in  the 
engine  exhausts.  The  feasibility  of  locating 
discharging  elements  here  was  investigated  on 
the  present  program.  A  third  region  of  directed 
airflow  away  from  the  helicopter  is  located  amid¬ 
ships  in  the  region  where  the  two  rotors  inter¬ 
sect.  The  functioning  of  a  discharging  element 
in  this  location  was  also  investigated. 

In  designing  a  discharging  system,  one 
must  select  a  discharger  configuration,  a 
discharger  location,  and  an  operating  potential. 
Many  combinations  of  these  parameters  are 
possible,  and  to  test  all  of  the  combinations  in 
flight  would  be  prohibitively  expensive.  It  was 
decided,  therefore,  that  a  helicopter  mock  up 
would  be  used  in  a  laboratory  program  to  investi¬ 
gate  a  wide  variety  or  discharger  arrangements, 
and  to  select  the  most  promising  for  further 
investigation  during  tho  ground  and  flight  tests. 

To  expedite  the  Investigation  of  the  various 
design  parameters,  an  operating  full-scale  model 
of  the  discharging  system,  aft  fuselage,  and  left 
engine  was  assembled  in  the  laboratory.  This  was 
accomplished  by  modifying  an  existing  water-wave 
wind-tunnel  facility  in  the  Electromagnetic 
Sciences  Laboratory  at  SRI.  By  modifying  it 
slightiy  it  was  possible  to  use  this  air  source 
to  feed  a  22-inch-diameter  cylindrical  tubo 
simulating  the  helicopter  engine  exhaust,  and 
achieve  a  range  of  exhaust  velocities  from  zero 
up  to  125  fps.  The  "engine"  and  full-scale  mock 
up  of  the  aft  part  of  tho  Chinook  helicopter  is 
shown  in  Figure  1. 

Velocity  profile  measurements  indicated  that 
at  a  position  one  tail-pipe  diameter  downrtream 
of  the  exit  piano  the  flow  was  still  very  clearly 
defined  and  had  not  grown  appreciably  In  dia¬ 
meter.  Farther  downstream,  the  boundary  of  the 
flow  slowly  became  less  clearly  defined,  and  the 
flow  became  turbulent.  These  results  were 
interesting.  In  that  they  Indicate  there  was 
little  flow  actually  impinging  on  the  body  of  the 
helicopter  to  cause  recirculation.  Although  the 
maximum  flow  velocity  in  the  simulator  ’’engine" 
was  lower  than  the  300  fps  engine  exhaust  velocity 
on  the  CH-47  it  was  felt  that  it  was  sufficiently 
high  to  pormit  realistic  investigation  of  tho 
effects  of  changes  in  discharging-element  design 
parameters . 


Baforo  testing  started  in  the  facility,  a 
variety  of  possible  discharging-element  designs 
were  conceived  and  assembled.  Some  of  these 
designs  wore  mechanically  awkward,  while  others 
appeared  to  be  electrically  loss  desirable  than 
others.  These  "ugly  duckling  '  were  a cliberatoiy 
Included  in  tho  laboratory  testing  to  muko 
certain  that  no  satisfactory  design  was  accidently 
discarded  as  the  result  of  unjustified,  precon¬ 
ceived  bias. 

Several  recirculation  patches  were  instal’eo 
on  the  moc.k  up  so  that  recirculation  currents  to 
the  airframe  could  bo  measured  as  well  as  the 
recirculation  current  to  the  "engine",  and  the 
power  supply  voltage  and  current  fed  to  tho 
discharger.  These  measurements,  together  with  a 
measurement  of  the  current  blown  downstream  in 
the  exhaust  allowed  an  accurate  estimate  of  the 
effectiveness  of  the  candidate  discharger  to  be 
made. 

Although  detailed  data  were  taken  for  each 
discharger  configuration,  it  is  instructive  to 
look  first  only  at  the  data  for  top  wlndjpeed 
and  highest  supply  voltage  to  see  how  discharge 
current  varies  with  discharger  configuration. 

Data  for  the  single  discharge  point  are  present¬ 
ed  in  this  abbreviated  form  in  Figure  2,  In 
Column  1  it  is  observed  that  as  the  discharge 
point  is  moved  farther  downwind  from  the  "engine" 
exhaust  plane,  the  power  supply  current  decreases 
and  the  net  discharge  current  increases.  These 
results  Indicate  that  the  net  discharge  current 
achievable  is  limited  by  recirculation  to  the 
airframe  in  the  immediate  vicinity  of  the  dis¬ 
charging  element.  For  this  reason,  discharging 
elements  positioned  far  back  from  tho  fuselage 
result  in  a  higher  net  discharge  current  even 
though  they  are  located  in  a  region  of  soue- 
what  reduced  flow  velocity. 

In  Column  2,  the  effect  of  moving  the 
discharge  point  away  from  the  center  line  of  the 
engine  is  illustrated.  The  vertical  position 
V  along  the  centerline  resulted  in  maximum  net 
discharge  current.  Although  moving  the  point 
away  from  the  skin  to  Positions  A  or  B  reduced 
the  power  supply  current,  it  also  reduced  th_ 
net  discharge  current.  As  might  be  expected, 
moving  the  point  toward  the  skin  to  C  increases 
the  power  supply  current  (as  ..he  result  of 
increased  recirculation)  but  also  reduces  tho 
net  discharge  cux rent.  Apparently  ilscharge 
curront  is  maximized  when  the  ion  density  is 
uniformly  distributed  throughout  the  exhaust. 

Column  3  illustrates  tho  effect  of  using 
an  auxiliary  electrode  in  an  effort  to  achieve 
the  desired  discharge  current  at  lower  power 
supply  voltage.  Although  tho  power  supply 
current  i-  drastically  increassd,  most  of  this 
current  flows  to  the  auxiliary'  ring,  and  tho 
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FIGURE  1  LABORATORY  MOCK  UP  0,  CH-47  HELICOPTER  FUSELAGE  AND  ENGINE 


POINT  FOR  WINDSPEED  =  125 


net  current  is  lower  then  It  would  have  been 
without  the  ring. 

Resells  of  exper  ments  with  various  combin¬ 
ations  of  r'ng-shaped  discharging  elements  are 
presented  in  Figure  3.  Column  1  indicates  .hat 
the  net  discharging  current  ia  relatively  in¬ 
dependent  of  the  diameter  of  a  single  ring  used 
as  the  discharge  element.  It  should  also  bo 
noted  that  this  current  is  almost  Identica'  with 
that  obtained  with  a  single  point  in  Column  1 
of  Figure  2  (positivo  polarity!. 

Column  2  of  Figure  3  illustrates  th-  results 
of  experiments  with  discharging  elements  com¬ 
posed  of  a  discharging  ring  and  an  auxiliary  ring 
of  the  same  diameter.  Again  the  performance  of 
the  system  is  evidently  not  very  sensitive  w 
ring  diameter.  The  spacing  between  the  rings 
does  affect  system  performance,  since  tho  spacing 
determines  the  maximum  power  supply  voltage  that 
can  bo  used  wtthout  flashover.  In  the  case  of 
a  2-lnch  spacing,  this  is  40  kV.  With  a  6-incik 
spacing  it  v rs  possible  to  use  HO  to  07  kV  with¬ 
out  flashover.  Thes“  results  indicate  that 
spaclngs  as  small  as  2  inches  are  impractical  in 
that  tho;  do  not  permit  significant  power  supply 
current  before  flashover.  Even  a  spacing  of 
8  inches  is  inadequate  to  avoid  flashover  at  110 
kV\  Finally,  it  is  apparent  that  at  the  125 
fps  exhaust  velocity,  substantial  recirculation 
to  the  ground  ring  occurs,  so  that  the  net  dis¬ 
charge  current  achieved  is  lower  than  with  a 
single  ring  in  Column  1, 

The  results  of  a  series  of  experiments  with 
rings  of  unequal  size  are  summarized  in  Column  3, 
Although  there  is  aome  variation  in  details 
between  those  data  and  those  in  Column  2,  there 
appears  to  bo  rj  reason  to  choose  one  over  t'.io 
other. 

Column  4  illustrates  the  reduction  in  net 
discharge  current  that  occurs  as  tho  discharging 
assembly  Is  moved  closer  to  the  engine.  This  is 
in  agreement  with  the  results  obtained  with  a 
single  discharge  point  in  Column  i  of  Figure  2. 

Tho  last  experiment  with  ring  discharger 
configurations  is  illustrated  in  Column  5,  It 
consisted  of  a  pin-filled,  8-inch-diametor  ring 
concentrically  mounted  inside  a  15-inch  diameter 
auxiliary  electrode.  For  the  windspeeds  avail¬ 
able,  tho  recirculation  with  this  arrangement  is 
very  high  and  the  not  discharge  current  is  low. 

In  addition  to  the  single  point  and  ring 
dlschargei  configurations  discussed  above, 
several  other  designs  were  built  and  evaluated 
vn  the  mock  up.  Those  designs  included  small 
diameter  wires  placed  in  various  orientations 
with  respect  to  the  exhaust  velocity  vector,  long 
metal  bars  similarly  placed,  etc.,  but  the  struc¬ 
tural  form  of  those  designs  was  poor  and  will 
not  be  discussed  here. 

Aj 


In  Figure  4,  results  wore  presented  of  a 
typical  set  of  measurements  exploring  in  detwi-i 
tho  way  In  which  discharger  currents  ore 
related  to  power  supply  voltage.  At  low  power 
supply  voltages,  the  electric  field  generated 
by  tho  supply  voltage  on  the  discharging  element 
and  the  coulomb  iree  generated  by  the  self 
charge  on  the  ion  beam  itself  are  both  low, 
resulting  in  low  recirculating  current  so  that 
II)et  almost  equals  Ipo,  As  power  Bupuly  voltage 
is  increased,  it  increases  the  magnitude  of 
both  tho  field  generated  by  tho  discharging 
element,  and  the  coulomb  forces  generated  by 
the  increased  charge  density  in  tho  ion  beam. 

The  net  result  is  that  the  recirculation  current 
increases  with  increas'  -  power  supply  voltage. 
The  increasing  recirc  -  t  >n  current  manifests 
itself  as  a  divergence  between  the  net  discharge 
current  and  the  power  supply  current.  For  tho 
discharger  geometry  of  Figure  4,  the  system  is 
quite  efficient  even  .  ith  a  power  supply  volt¬ 
age  of  llo  kV  (86%  of  the  power  supply  current 
is  discharged),  and  tho  power  supply  voltage 
could  probably  be  doubled  without  required 
unacceptably  high  power  supply  currents. 

Figure  5  illustrates  the  way  in  which 
various  currents  are  affected  by  changes  in 
exhaust  velocity.  Obviously,  as  velocity  is 
increased,  the  net  discharge  current  increases; 
first,  as  a  lower  than  firbt  power  of  velocity, 
then  approaching  a  linear  dependence.  The 
recirculation  of  current  Ibody  is  maximum  at 
zero  velocity  when  the  applied  field  and 
coulomb  field  have  unlimited  time  to  act  cf.  'ho 
discharged  ions  to  cause  them  to  be  recirculated . 
As  the  exhaust  velocity  is  increased,  the  ions 
are  carried  away  faster  and  the  reclrcult-tion 
current  is  diminished.  The  reduced  recircul¬ 
ation  current  at  high  windspeeds  causes  the 
power  supply  current  to  approach  the  net  dis¬ 
charge  current. 

Andrews  end  Forrest  (1)  ,  in  a  report 
received  subsequent  to  these  tests,  report  data 
which  confirm  the  results  described  above. 

HELICOPTER  G HOUND  TESTS  OF  DISCHARGER  DESIGNS 

In  planning  the  CH-47  ground  tests  at 
Vertol,  it  was  argued  that  they  should  bo 
designed  to  ve-ify  laboratory  results,  to 
expose  interesting  discharging  element  designs 
to  a  more  nearly  true  in-flight  environment 
(Involving  acoustic  noise,  high  temperature, 
soot,  etc.),  and  to  look  for  unexpected  devel¬ 
opments.  It  was  felt,  furthermore,  that  the 
ground  to3ts  should  be  of  clearlv  circumscribed 
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FIGURE  3  GENERAL  RESULTS  OF  EXPERIMENTS  INVOLVING  RINGS  AS  DISCHARGING 
ELEMENTS  FOR  WiNDSPEED  =*  125  fps 
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scope,  nlnce  they  are  considerably  nore  expen¬ 
sive  than  the  laboratory  tests,  but  are  not 
representative  in  all  respects  of  the  in-flight 
situation.  Accordingly,  it  was  decided  that 
the  discharging  elements  to  be  Investigated 
would  be  confined  to  a  single-point  discharger 
and  a  12-inch  diameter  ring  discharger,  each 
of  which  would  be  used  alone  or  in  conjunction 
with  a  12-inch  diameter  auxiliary  discharge 
electrode  for  a  total  of  four  different  config¬ 
urations. 

At  the  conclusion  of  the  ground  tests,  a 
review  of  the  data  available  indicated  that 
both  the  laboratory  and  the  ground  test  data 
were  In  good  agreement,  and  that  substantial 
increases  in  net  discharge  current  accrued  from 
increasing  discharger  spacing  behind  the  engine 
exit  plane,  at  least  up  to  the  maximum  distance 
d  •  3D  investigated  (The  results  of  these  ground 
tests  will  not  be  discussed  in  detail  here).  It 
was  decided  that  the  laboratory  investigation 
should  be  extended  to  greater  s pacings  to 
determine  when  the  current  ceases  to  increase. 

The  results  of  the  work  are  shown  in  Figure  6. 

It  is  evident  that  considerable  improvement 
accrued  for  each  configuration  tested  by  increas¬ 
ing  the  spacing  up  to  d  >  5D.  The  discharger 
efficiency  curves  also  plotted  in  Figure  6  indic¬ 
ate  that  the  Increased  discharger  current  is 
achieved  largely  by  virtue  of  increased 
efficiency  (l.e.  reduced  recirculation  to  the 
skin).  Efficiency  T]  is  defined  by 

_  Net  Discharge  Current 

■n  „  100  - • - . 

Power  Supply  Current 

Beyond  a  spicing  of  50,  the  Improvement  achieved 
by  decreased  recirculation  obtained  by  increasing 
distance  to  the  skin  is  counterbalanced  by 
degraded  performance  stemming  from  increased 
difficulty  in  getting  discharge  products  removed 
as  the  result  of  Indorsing  the  discharging 
element  in  a  region  of  low-speed,  diffuse,  and 
considerably  turbulent  flow. 

FLIGHT  TESTS  OF  DISCHARGING  ELEMENTS 

For  the  Yuma,  Arizona  flight  test  investig¬ 
ation  of  discharging  elements,  the  instrumentation 
was  arranged  as  shown  in  Figure  7.  Tests  were 
made  of  three  basic  discharging  elements:  A 
single  point  or  a  ring  located  in  one  (and  in 
some  cases  both)  of  the  engine  exhausts;  and  an 
"outrigger"  discharger  shown  in  Figure  8.  The 
outrigger  discharger  system  consisted  of  a 
four-foot-long,  1-lnch  diameter  aluminum  tube 
mounted  nmldshlpa  on  each  side  of  the  helicopter 
six  feet  outboard  from  the  skin.  A  sharpened 
wire  was  installed  at  each  end  of  each  bar  to 
provide  four  widely-apaced,  low-threshold  corona 
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points.  In  view  of  the  results  of  the  labor¬ 
atory  teats  shown  in  Figure  6,  provisions  were 
made  on  the  flight  test  aircraft  to  position 
the  discharging  element  up  to  S  engine  exhaust 
diameters  aft  of  the  engine  exit  plane.  The 
structure  for  accomplishing  this  is  visible  in 
Figure  8. 

In  discussing  the  various  charging  and 
discharging  phenomena  it  is  of  considerable 
importance  to  agree  upon  a  convention  when 
discussing  the  signs  of  various  charged  particles. 
The  sign  convention  used  in  this  paper  is  shown 
in  Figure  9. 

In  reviewing  the  results  of  the  flight 
tests,  it  is  interesting  to  determine  the  degree 
to  which  they  agree  with  the  laboratory  and 
ground  tests.  In  Figure  10  the  net  discharge 
current  for  a  single  point  discharger  is 
plotted  for  comparison  with  the  current  dis¬ 
charged  from  a  single  ring  at  the  same  location 
(d  =  50)  in  the  helicopter  engine  exhaust.  The 
two  sets  of  data  obviously  lie  along  the  lines 
of  best  fit.  This  result  substantiates  the 
laboratory  and  ground  test  data  which  indicated 
that  a  single  point  and  a  single  ring  constitute 
equally  satisfactory  discharging  elements. 

Shown  tor  comparison  in  Figure  10  is  a  laboratory 
experimental  curve  of  discharge  current  measured 
at  the  same  spacing  behind  the  engine  exit 
plane,  and  with  a  wind  velocity  of  100  fps.  The 
laboratory  data  predict  a  somewhat  higher  dis¬ 
charge  current  than  was  measured  in  flight. 

This  disparity  probably  stems  from  the  difference 
in  temperature  between  the  laboratory  "engine" 
exhaust  and  that  of  the  actual  aircraft  engine. 
The  higher  temperature  of  the  rea)  engine  exhaust 
lr,ij*5.ie«  higher  ion  mobility  pennittlrg  higher 
recirculation  current  which  results  in  a  lower 
net  discharge  current. 

With  the  effectively  low  directed  wind 
velocities  associated  with  the  CH-47  turbine 
exhaust,  it  is  necessary  to  movo  the  discharg¬ 
ing  element  far  from  the  fuselage  to  reduco 
current  recirculation  to  a  tolerable  level. 

This  means  that  high  power  supply  voltages  must 
be  used  to  generate  the  corona  discharge  current 
required .  Thus  the  engine  exhaust  discharger 
may  be  considered  to  be  a  high-impedance  system. 
(From  Figure  10  for  V  =  200kV,  i  =  100  pA 
therefore  R  =  2000  MO) .  In  the  case  of  the 
active  discharger  developed  for  Jet  aircraft 
(2),  the  high  wind speed  and  low  air  temperature 
permitted  the  discharging  element  to  be  placed 
in  close  proximity  to  the  airframe  without  anv 
recirculation.  There  it  was  possible  to  achieve 
discharge  currents  of  1  mA  for  power  supply 
potentials  of  60  kV  so  that  R  =  60  n Q. 

In  a  further  effort  to  verify  and  extend 
the  laboratory  work  during  the  flight  tests, 
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an  investigation  was  made  of  the  effect  on  dis¬ 
charge  curronts  of  varying  the  position  of  the 
discharging  element  in  the  exhaust  plume.  The 
results  of  such  a  flight  test  experiment  are 
shown  in  Figuro  11.  Hero,  in  agreement  with 
the  laboratory  results,  we  see  that  increased 
not  discharge  current  can  bo  achieved  by  increas¬ 
ing  the  spacing  from  2-3/4  D  to  5D,  In  addition, 
it  was  found  that,  with  the  ring  at  d  =  2-3/4  D, 
it  is  sufficiently  close  to  the  fuselage  that 
fla3hovor  occurred  from  the  ring  to  the  fuselage 
at  voltages  in  excess  of  120  to  160  kV  depending 
on  the  power  supply  polarity.  Increasing  the 
spacing  to  d  =  5D  increased  the  net  discharge 
current  at  the  lower  voltages  and,  at  the  same 
time,  permitted  the  full  powei  supply  voltage 
of  220  kV  to  be  applied  to  the  discharger. 

Figure  12  illustrates  the  result  i  of  an 
investigation  of  the  degree  to  which  dischargers 
located  in  one  engine  Interact  with  and  limit 
the  current  that  can  be  discharged  from  an 
identical  system  in  the  other  engine.  The 
results  of  those  experiments  indicate  that,  on 
the  CH-47,  the  engines  are  sufficiently  far  apart 
that,  at  the  lower  power  supply  voltages,  dis¬ 
charging  in  both  exhausts  doubles  the  discharge 
current.  At  the  higher  discharge  current  lcels, 
there  is  some  interaction,  and  the  current 
discharged  from  two  engines  is  not  quite  twice 
tho  current  discharged  from  a  single  engine. 

The  results  of  tests  with  ,he  outrigger  dis¬ 
charger  system  in  a  clean  er.vir 'omenl  are  shown 
In  Figure  13.  Comparing  Figure  13  with  Figure  11, 
wo  find  that  at  a  given  power  supply  voltage  the 
outrigger  system  discharged  roughly  twice  the 
current  discharged  by  the  single  ring  at  d  =  5D. 

For  some  of  the  tests,  fhe  discharging  system 
was  arranged  in  the  "maximum  dissipation"  config¬ 
uration  in  which  the  outrigger  system  a’-d  the 
ring  located  at  d  -  5D  in  the  engine  exhaust  were 
both  connected  to  the  power  supply.  Tho  results 
of  such  a  series  of  tests  are  shown  in  Figure  14. 
Comparing  these  data  with  those  of  Figures  13  and 
11  we  find  that  the  "maximum  dissipation"  current 
is  very  nearly  equal  to  the  sum  of  the  current 
discharged  by  the  outriggers  a1 one  and  the  rang 
alone.  Referring  again  to  Figure  14,  we  observe 
that  theri  is  considerable  difference  between 
the  data  for  each  of  the  hover  altitudes. 

Why  tnis  should  be  is  not  clear  since  the  effect 
is  not  so  pronounced  for  either  of  the  dischargers 
uted  singly.  Perhaps  it  has  to  do  with  the  fact 
that  when  larger  absolute  values  of  current  are 
discharged,  the  problem  of  space  charge  current 
limitation  by  tho  ion  cloud  assumes  Increased 
importance.  In  this  case  any  process  which  gets 
rid  of  the  spa 'e  charge  or  minimizes  ito  effects 
assumes  added  importance. 


Dissipation  testing  was  also  carried  out 
in  a  dusty  environment  generated  by  hovering 
freshly-disked  3and.  Results  or  such  tests 
using  tho  outrigger  system  are  shown  in  Fig¬ 
uro  15. 

The  ground  current  flowing  when  the  power 
supply  voltage  is  set  to  zero  represents  the 
frictional  charging  current  to  tho  helicopter. 
(This  is  the  current  wo  would  like  to  be  able 
to  null  with  tho  active  discharge  system.)  It 
can  be  seen  from  this  figure  that  by  adjusting 
the  power  supply  voltage,  it  is  possible  to 
lncroaso  the  ground  current,  set  it  to  zero,  or 
even  to  reverse  its  polarity,  and  that  the 
curves  are  almost  identical  to  the  clean  envir¬ 
onment  data  of  Figure  14,  displaced  to  account 
for  tho  triboolectric  charging  current. 

SENSOR  FIDELITY  FL1GOT  TESTS 

One  of  the  most  difficult  problems  associ¬ 
ated  with  the  development  of  a  satisfactory 
active  discharging  system  is  that  of  devising 
a  sensing  scheme  capable  of  providing  an  indic¬ 
ation  of  the  helicopter-to-ground  potential 
under  all  operational  conditions.  Typical 
environments  might  include  du3t,  dry  snow, 
electrified  rain,  and  the  ion  cloud  generated 
by  discharge  from  the  dissipator  element.. 
Ideally,  the  sensing  element  should  function 
without  any  connection  to  the  ground.  A  field 
meter  or  "field  mill"  immediately  suggests 
itself  as  the  sensing  device. 

In  considering  the  workability  of  a 
simple  field  meter  sensing  scheme,  we  argue 
that;  if  a  charged  b^-dy  is  suspended  in  charge- 
freo,  field  free  space,  there  is  a  unique  rel¬ 
ationship  between  the  electric  field  intensity 
at  a  particular  point  on  tho  body,  and  the 
potential  of  that  body.  In  particular,  the 
fields  are  zero  when  the  potential  is  z-.ro. 

In  this  case,  a  field  meter  is  an  ideal  device 
fur  measuring  tho  potential  of  tho  body.  At 
the  other  extreme,  if  we  allow  any  arbitrary 
distribution  of  charges  and  applied  fields 
around  the  body  in  question,  there  is  no 
unique  relationship  between  electric  field 
structure  about  the  body,  and  icS  potential  to 
ground.  So  that  no  measurement  wo  can  make 
on  the  body  can  tell  us  its  potential . 

In  planning  this  program,  it  was  felt 
that  the  actual  operational  situation  would 
lie  somewhore  between  the  two  extremes  dis¬ 
cussed  above.  It  was  obseived  further  that 
it  would  be  fruitless  to  try  to  settle  the 
question  of  sensing  either  by  purely  analytic 
methods  or  by  laboratory  experiments  since  tho 
problem  involves  the  Interaction  between  poorly 
understood  frictional  charging  processes, 
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FIGURE  11  FLIGHT  TEST  INVESTIGATION  OF  EFFECT  OF  DISCHARGING  ELEMENT  AS  A  FUNCTION  OF 
DISTANCE  AFT  OF  ENGINE  EXIT  PLANE  (clean  environment) 


FIGURE  13  FLIGHT  TEST  INVESTIGATION  OF  OUTRIGGER  DISCHARGER  CURRENTS  AS  AFFECTED 
HELICOPTER  HOVER  ALTITUDE  (clean  environment) 
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complex  airflows,  and  tortuous  recombination 
processes.  Accordingly  no  effort  was.  made  to 
investigate  the  sensing  problem  in  the  laboratory 
or  during  the  Vertol  CH-47  ground  tests. 

For  the  flight  test  investigation  of  sensor 
fidelity,  the  hdicoptor  was  equipped  with  a 
total  of  four  electric  field  meters  (field  mills). 
Two  of  the  field  mills  are  visible  in  the  photo¬ 
graph  of  Figure  8.  The  overall  arrangement  of 
the  field  meters  is  shown  in  the  sketch  of 
Figure  16. 

Provisions  were  mode  to  suspend  field  meter 
*1  from  the  helicopter  by  means  of  a  nylon  rope 
passed  through  the  cargo  hatch.  This  arrangement 
simulates  the  mounting  of  a  field  meter  on  the 
helicopter  cargo  hook.  It  was  argued  that  this 
arrangement  minimized  the  amount  of  charged 
material  between  the  sensor  and  earth,  and  would 
therefore  have  considerable  promise  of  sensing 
the  true  hellcoptor-to-ground  potential. 

Field  meter  «2  was  located  on  the  underside 
of  the  helicopter  near  the  nose  in  the  region 
often  used  in  the  past  for  field  meter  install¬ 
ations.  This  field  meter  serves  to  tie  together 
data  from  this  experiment  with  earlier  work. 

Field  meter  #4  was  installed  on  the  side  of  the 
fuselage  roughly  centered  In  both  the  vertical 
and  fore-and-aft  directions.  Flvld  meter  »3  was 
mounted  on  the  top  of  the  fuselage  roughly  center¬ 
ed  fore-and-aft,  and  slightly  to  the  left  of  the 
fuselage  centerline.  The  purpose  for  field  motors 
3  and  4  was  to  Investigate  the  possibility  of 
using  multiple  field  meter  Installations  to  sort 
out  the  effects  of  charged  dust  and  Ion  clouds  in 
the  vicinity  of  the  hovering  helicopter  and  to 
Infer  from  these  readings  the  true  hollcopter-to- 
ground  potential. 

The  sensor  fidelity  instrumentation  system 
included  a  set  of  5  ground-based  field  meters 
which,  for  all  but  one  of  the  tests,  were  arrayed 
under  the  hovering  helicopter.  This  field  meter 
system  permitted  study  of  the  way  in  which  dis¬ 
charge  ion  and  charged  dust  clouds  are  distributed 
and  how  they  affect  the  electrostatic  field 
structure  in  the  vicinity  of  the  helicopter.  Two 
basic  giound  field  meter  arrangements  were  used 
during  tho  sensor  fidelity  tests.  The  config¬ 
uration  employed  during  any  particular  test  is 
shown  with  the  data  from  thnt  test. 

Tho  roost  fundamental  sensor  fidelity  flight 
test  experiment  (illustrated  in  Figures  16  and 
17)  consisted  of  determining  the  relationships 
between  the  various  field  meter  readings  and 
tho  aircraft  potential.  For  this  experiment, 
the  ground  wire  was  connected  to  tho  power  supply 
high  voltage  terminal.  In  this  way,  tho  heli¬ 
copter  po:ential  with  rospect  to  ground  is 
simply  tho  power  supply  voltage. 


Figure  16  presents  the  results  of  measure¬ 
ments  on  the  cargo  hook  field  mofor.  First 
we  observe  that  a  positive  field  meter  Indic¬ 
ation  is  obtained  upon  the  application  of  a 
positive  power  supply  voltage.  This  is  in 
ki oping  with  the  sign  convention  fo.*  field 
meters  illustrated  In  Figure  9  where  a  positive 
charge  above  tho  field  moter  Is  Interpreted  as 
a  positive  field  indication  ( tills  is  the  con¬ 
vention  e  .ployed  by  atmospheric  electricians). 
Next,  wo  ooserve  that,  for  a  given  voltage  and 
hover  altitude,  the  field  meter  reading  depends 
critically  upon  tho  field  meter  sensor  altitude. 
As  h  is  decrersed,  the  protrusion  of  field 
meter  ffl  increases  so  that  it  produces  a  great- 
ei  concentration  of  field  about  itself.  For 
very  small  h,  the  proximity  of  the  ground 
further  enhances  the  field. 

Returning  to  an  inspection  ol  Figure  16, 
we  find  that  varies  linearly  with  Vps  until 
corona  threshold  evidenced  by  non  zero  power 
supply  current  is  reached,  ani  some  corona 
current  Is  discharged.  At  this  time  the  slope 
of  tho  curve  decreases.  Physically  this 
behavior  can  be  explained  as  follows:  The 
aircraft  is  charged  negatively  with  rospect  to 
tho  earth  so  that,  to  tho  field  meters,  the 
outside  world  looks  positive  and  they  give  a 
positive  indication,  When  corona  threshold  is 
reached ,  negative  charge  begins  to  leave  the 
tips  of  the  rotor  blades  and  Is  driven  toward 
the  ground  bv  the  rotor  downwash.  This  negative 
charge  in  the  vicinity  of  the  helicopter  makes 
the  outside  world  look  less  positive  so  that 
tho  field  meter  reading  is  reduced .  (This 
same  effect  of  corona  space  charge  was  reported 
in  Reference  (3)  in  connection  with  hovering 
tests  conducted  on  Cll-340  and  UH-1A  helicopters.) 
The  effect  is  apparent  only  on  the  data  for 
h  =  H  because  at  h  =  5  and  H  =  15,  the  field 
meter  output  saturates  before  corona  threshold 
is  reached . 

Calibration  data  for  the  three  fuselage 
mounted  fiell  meters  are  shown  in  Figure  17. 

Theii  nehavior  and  sensitivities  are  similar 
to  that  of  field  meter  si  when  It  is  at 
fuselage  level  (i.e.,  for  h  =  H) . 

In  another  set  of  experiments,  the  heli¬ 
copter  wi  s  'rounded  and  hovered  over  an  nrray 
of  ground  fielo  meters  as  shown  in  Figure  18. 
These  tests  were  carried  out  in  a  ’clean"  area, 
that  is,  an  area  in  which  there  was  no  dust 
stirred  up  by  the  hovering  helicopter.  Current 
was  discharged  from  the  outrigger  discharger 
and  readings  wore  mnde  oi  electric  field  inten¬ 
sities  both  oi.  the  aircraft  and  on  the  ground 
array.  With  this  arrangement  tho  hellcoptor 
is  hold  at  ground  potential  at  all  times  so  that 
there  is  no  contribution  to  the  "lectric  field 
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FIGURE  16  FLIGHT  TEST  CALIBRATION  OF  CARGO  HOOK  FIELD  METER 
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FIGURE  18  SENSOR  FIDELITY  FLIGHT  TESTS  WITH  OUTRIGGER  DISCHARGER  (clean  area) 


structure  from  net  eta  rge  on  the  helicopter. 

Thus,  in  the  absence  of  perturbing  influences, 
the  airborne  field  meters  should  read  zero. 

The  only  sources  of  electric  field  around  the 
helicopter  are  the  potential  applied  to  the 
discharging  element,  and  the  space  charge  gen¬ 
erated  by  the  discharge  ion  cloud.  A  laboratory 
model  experiment  demonstrated  that  the  power 
supply  potential  produced  negligible  fields  at 
all  of  the  field  meter  locations.  Thus  the 
large  oloctric  fields  measured  on  the  airborne 
field  meters  in  Figure  18  are  predominantly  due 
to  the  ion  cloud  generated  by  the  discharger 
wh*ch  is  blown  around  the  various  field  mills 
by  'he  rotor-wash.  Further  examination  of 
Figure  18  shows  that  the  ion  cloud  produced  by 
the  outrigger  discharger  is  blown  down  into 
the  ground  array  giving  large  values  of  the 
electric  .'ieid. 

In  an  effort  to  better  I'-A^vstand  the 
elicit  o i  the  discharger  produced  ion  cloud, 
fdditional  experiments  were  carried  out  using 
varu.M  discharger  locations.  Figure  1?  shows 
the  results  of  one  such  experiment  when  the 
discharger  in  the  left  engine  exhaust  was  used 
to  supn.ly  the  ic-ns.  It  can  be  seen  from  this 
figure  that  the  ion  cloud's  perturbation  of 
llrtrnt  field  meter  tfl's  reading  has  a  somewhat 
smaller  effect  than  the  outrigger  dlrcharger- 
produced  cloud  shown  in  Figure  18.  The  ring 
discharger  ion  cloud  has  a  markedly  smaller 
effect  on  airborne  field  meter  #2  than  does  the 
outrigger-produced  cloud.  This  difference  is 
attributable  to  the  fact  that  the  ion  cloud 
produced  at  the  outrigger  location  is  blown 
about  in  relatively  close  proximity  to  the  #1 
and  #2  airborne  field  me^er  whereas  the  dis¬ 
charger  located  far  bacs  produces  an  iou  cloud 
which,  due  to  the  engine  exhaust  and  rotor-down 
wash  flow  pattern,  is  unable  to  3troagly  influ¬ 
ence  the  #2  airborne  field  meter  and  to  a  lessor 
extent,  the  #1  airborne  field  meter. 

The  extent  of  the  ion  clouds  migration  can 
be  observed  in  the  ground  field  motors.  Refer¬ 
ring  again  to  Figure  19,  it  is  seen  that  the  02 
ground  field  meter  gives  a  higher  field  reading 
than  doea  the  #1  ground  field  motet  (the  #2 
ground  field  meter  was  beneath  and  somewhat 
behind  the  ring  discharger;  the  #1  ground  field 
meter  was  directly  beneath  tho  CH-47  cargo  hatch). 
The  rasulcr  of  these  tests  Indicate  that  in  order 
to  correctly  infer  the  he’icopter  potential,  it 
is  essential  that  the  field  meter  location  be 
chosen  such  that  there  is  minimal  effec*-  frer  the 
discharger  ion  cloud  since  the  field  meter  cannot 
differentiate  botwoen  the  "desired"  component  of 
electric  field  duo  to  aircraft-to-ground  poten¬ 
tial  and  an  electric  field  produced  by  an  ion 
produced  space  charge. 


The  sensor  fidelity  tests  were  extended 
to  determine  the  effects  of  an  actual  operating 
environment  upon  the  performance  ot  the  field 
meters.  The  helicopter  wap  operated  in  un 
area  of  plowed  desert  sand  at  tho  Yuma  Proving 
Ground  to  reflect  a  sovere  natural  charging 
environment. 

Before  an  understanding  of  the  various 
observed  phenomena  was  possible,  it  was 
necessary  to  deteiwlno  tho  effects  of  blowing 
dust  in  the  absence  of  the  helicopter.  This 
was  accomplished  during  a  series  of  "fly-by" 
iisasureoents:  Tho  ground  array  oi  field  mill3 
was  laid  out  in  a  cross  array  configuration 
and  the  helicopter  was  used  as  a  wind  source 
to  blow  the  dust  over  the  sensors.  The  heli¬ 
copter  was  flown  past  the  ground  array,  at  an 
eltltude  of  50  ft  on  tho  upwind  side,  at  a 
speed  of  5  knots  which  was  slow  enough  to  allow 
a  good  sized  dust  cloud  tc  develop,  and  yet 
fast  enough  so  that  the  dust  cliud  did  not 
rise  to  contact  any  port  of  tho  helicopter. 

The  results  of  these  fly-bys  were  consist¬ 
ent  and  the  ground  field  mills  indicated  that 
as  the  dust  cloud  blew  across  the  surface  of 
the  earth,  it  became  positively  charged.  The 
airborne  instrumentation  was  not  used  during 
these  tests. 

The  Initial  natural  charging  3ensor  fidel¬ 
ity  tests  wore  made  at  various  hover  altitudes 
and  sensor  #1  altitudes  with  the  helicopter 
grounded.  During  these  tests,  the  electric 
fields  on  the  airborne  and  ground  systems  were 
recorded  as  a  function  of  time.  Results  typical 
of  the  observed  electric  fields  are  shown  in 
Figure  20  for  a  hover  altitude  of  50  ft  and  the 
#1  sensor  altitude  of  25  ft.  It  should  be 
repeated  here  that  the  hovering  helicopter  wa  i 
kept  at  ground  potential  through  the  ground 
line,  and  as  such  any  measured  electric  field 
other  than  rero  represents  an  error  in  the 
measurement  of  the  helicopter-earth  electric 
field.  Figure  20  shows  the  charging  current, 
lg,  the  airborne  field  meter  data  and  the 
ground  field  meter  data  recorded  over  a  35 
jecond  period.  T  =  0  denotes  loughly  whore 
take-off  occurred  and  the  hover  altitude  of 
50  ft  over  tho  ground  array  was  established  at 
approximately  35  seconds.  It  is  observed  from 
this  figure  that  Ig,  tho  charging  current, 
rapidly  increases  to  about  300  and  then  at 
about  t  =  15  seconds  slowly  begins  to  decay. 

This  decay  in  due  to  the  rotor  wash  blowing  the 
dust  away  from  the  measurement  site.  It  is 
also  observed  from  this  figure  that  except  for 
sporadic  instances  all  of  the  ground  fiold  motors 
and  airborne  field  meters  01,  03,  and  ft* 
measured  positive  electric  fields.  This  ir  in 
agreement  with  the  fly-by  tests  discussed 
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earlier,  and  It  Indicates  that  the  field  meters 
were  looking  Into  a  region  of  positive  (relative 
to  the  helicopter,  charge,  according  to  our  sign 
convention  -  see  Figure  9),  The  negative  elec¬ 
tric  field  measured  by  airborne  #2  is  somewhat 
open  to  conjecture  due  to  the  lack  of  supportive 
date,  but  It  is  felt  that  this  behavior  could  be 
due  to  the  frictional  charging  of  the  plastic 
cockpit  canopy  and  the  proximity  of  field  mill  #2 
to  that  canopy.  The  variation  of  the  measured 
field  as  a  function  of  time  (from  the  #1  airborne 
mill)  was  subjected  to  statistical  analysis  and 
it  was  found  that  during  hover  operations  in  dust, 
with  the  helicopter  grounded,  the  dischargers 
Inactive,  the  #1  mill  measured  electric  fields  in 
excess  of  20  kv/m  about  75%  of  the  time,  and 
fields  in  excess  of  50  kv/ra  about  65%  of  the  time. 
The  helicopter  potentials  Inferred  from  thsse 
readings  would  then  be  >30  kv  75%  of  the  time, 
and  >80  kv  65%  of  the  time  (refer  to  Figure  16). 

A  similar  although  less  detailed,  analvsis  was 
performed  on  airborne  field  meters  #2  03,  and 

04,  The  preliminary  results  of  this  analysis 
indicate  that  although  the  measured  electric 
fields  were  less  than  those  obtained  on  the  cargo 
hook  sensor,  the  Inferred  potentials  from  meters 
2,3,  and  4  (see  Figure  17)  had  approximately  the 
same  magnitudes  and  distribution  as  described 
above.  These  large  errors  are  due  to  the  cloud 
of  charged  dust  particles  swirling  about  the 
aircraft,  and  Influencing  the  field  meter  readings 
in  the  same  way  as  was  done  by  the  ion  cloud 
created  by  the  outrigger  discharger  discussed 
earlier. 

In  an  additional  attempt  to  understand  the 
relation  between  helicopter  potential  and  the 
measured  electric  fields,  natural  charging  with 
the  helicopter  groundod  was  obsorved  as  discussed 
above  and  then  the  ground  line  was  disconnected, 
allowing  the  helicopter  to  aquire  a  charge. 

Figure  21  shows  data  typical  of  these  tests,  ‘.s. 
in  the  previous  figure,  t  =  0  denotes  roughly 
the  time  of  take-off  to  hewer  and  hover  was 
established  over  the  ground  arrays  at  approximate¬ 
ly  t  =  15  seconds.  It  is  observed  from  Figure  21 
that  the  behavior  of  tho  airborne  and  ground 
field  mills  is  similar  in  behavior  to  those  of 
Figure  20  before  the  ground  line  was  disconnected. 
When  the  grounded  line  was  disconnected  at  t  =  68 
seconds  it  is  observed  that  tho  airborne  field 
meters  indicate  a  negative  charge.  This  is  con¬ 
sistent  with  tho  idea  that,  afte^  the  ground  line 
is  snapped,  the  helicopter  begins  to  aquire  a 
positive  charge  from  the  previously  charged  dust 
and  from  it's  own  Iriboeloctric  procops  during 
th*  rotor  blades  collisions  with  the  dust 
particles.  After  contacting  the  helicopter  tho 
dust  particles  blow  down  and  away  with  a  reduced 
positive  (or  zero,  or  negative)  charge.  This 


cJcud  then  appears  negative  to  tho  airbomo 
field  meters,  because  the  motors  measure 
field  with  respect  to  the  helicopter.  Tho 
ground  array  of  field  motors,  howovor,  are 
still  looking  into  a  positive  electric  field 
due  to  tho  positively  charged  dust,  and  the 
(now)  aqulred  positive  charge  on  the  helicopter. 

Additional  ground  disconnect  experiments 
wore  carried  out  in  the  "clean"  area  to  verify 
the  dust  measurements  raado  in  Phillips  Drop 
Zone.  Tho  results  of  those  clean  tests  are 
shown  in  Figure  22  for  a  25  ft  hovor  with  a 
5  ft  #1  ssnoor  altitude.  A  low,  negative 
polarity,  power  supply  voltage  was  used  during 
these  tests  to  try  to  obtain  about  the  same 
average  "artificial"  charging  as  was  obtained 
while  hovoring  in  the  dust.  It  can  be  seen 
from  this  figure  that,  prior  to  tho  ground 
difoonnect,  the  airb^  Tie  field  meters  are, 

■  flf;  expected,  looking  into  a  small  negative  ion 
region  due  to  the  down-washed  negative  ion 
cloud  produced  by  the  ring  discharger  mounted 
five  exhaust  nozzle  diemetors  behind  tho  loft 
englno.  The  ground  array,  it  is  observed,  is 
also  measuring  a  very  small  negutlve  field. 

At  t  =  22  seconds  the  grounding  wire  was 
snapped  and  it  is  seen  that  the  airborne  field 
meters  indicate  an  immediate  Increase  in  tho 
observed  field.  This  is  consistent  with 
previous  experiemeets  and  it  shows  that  the 
helicopter  is  becoming  more  positively  charged 
than  the  environment  around  it.  It  13  also 
seen  that  the  ground  field  mjler  Indicates  on 
increasing  positive  charge  which  indicates  that 
the  electric  field  fre  i  the  helicopter  becomes 
much  strongor  and  over  powers  the  field  due  to 
the  ion  space  charge.  At  about  t  ^  40  acco.v.'" 
it  is  observed  from  the  figure  that  the  monsured 
fields  begin  to  decrease  in  magnitude  even 
though  the  voltage  supply  ions  to  the  discharger 
remains  constant.  It  is  felt  that  this  is 
attributable  to  the  fact  that  tho  helicopter 
squires  enough  charge  to  put  it  into  corona, 
and  tho  corona  tends  to  lower  tho  observed 
fields. 

CONCLUSIONS 

The  experiment  discussed  above  has  shown 
excellent  agreement  between  laboratory  tosts, 
ground  tests,  and  flight  tests.  It  has 
demonstrated  that  laboratory  work  is  a  useful 
and  economical  tool  for  investigating  concepts 
related  to  discharger  operation  and  design. 

Laboratory  tests  and  flight  tests  have 
confirmed  that  discharger  designs  capable  of 
discharging  the  design  goais  of  at  least  600 
pA  not  current  ore  probably  achievable  for 
application  to  the  Boeing  301  HLH  helicopter. 
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kV/m  E  —  kV/m 


TIME  —  seconds 


FIGURE  22  MEASURED  ELECTRIC  FIELD  AS  A  FUNCTION  OF  TIME  DURING 
GROUND  DISCONNECT  EXPERIMENT  WHILE  HOVERING  IN  A 
CLEAN  AREA 
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Those  tests  also  indicated  that  existing  dis¬ 
charger  technology  is  sufficient  to  achieve 
that  goal. 

The  flight  test  data  taken  during  the  Yuma 
tests  and  the  laboratory  measurements  program 
lndicato  that  optimum  discharger  designs  are 
those  which  place  the  discharging  electrode 
standing  isolated  in  the  exhaust  flew.  These 
designs  allow  one  or  more  corona  points  to  bo 
inserted  into  the  turbine  exhaust  at  a  location 
as  far  removed  from  the  fuselage  as  possible, 
to  minimize  recirculation,  yet  close  o •  >ugh  to 
the  turbine  exhaust  nozzle  to  provide  strong 
convective  flows  to  remove  the  discharged  ions. 
Moving  the  discharger  far  out  into  tho  exhaust 
plume  allows  largo  displacements  from  the  fuse¬ 
lage  and_  in  addition,  it  allows  tho  discharger 
to  be  in  a  region  of  low  temperature,  ,;nd 
hence,  lower  ion  mobility  which  aids  tho 
discharging  process. 

The  flight  tesvs  conducted  at  tho  Yuma 
Proving  f.rounds  indicate  ^hat  accurate  sensing 
of  the  heliccptor-earih  electric  field  by  a 
simple  field  meter,  or  an  array  of  meters  is 
very  difficult  to  achieve  when  the  helicopter 
is  operating  in  an  environment  containing 
charged  ions,  and  other  solutions  to  the  problem 
might  be  easier  to  achieve.  Electric  field 
measurements  made  with  sensors  located  cn  tho 
nose,  side,  i-'p  and  hanging  from  tho  cargo  hook 
have  shown  that  tho  field  meters  can  provide 
inaccurate  measurements  of  field  when  the  charged 
ions  are  charged  dust  particles,  or  even  the 
ion  cloud  generated  by  the  discharger  wluch  is 
attempting  to  reduce  the  helicopcer  potential. 

An  array  of  field  meters  located  beneath  the 
hovering  helicopter  indicates  that  although  tho 
electric  field  emanating  from  it  can  oe  accurate¬ 
ly  determined  when  there  is  no  naturally 
occurring  charging  taking  place,  the  ground 
sor.sing  problem  becomes  just  as  much  a  problem 
as  the  airborne  sensing  when  the  helicopter  is 
in  tno  presence  of  dust. 
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Data  from  the  Airlines  Lightning  Strike 
Reporting  Project 
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ABSTRACT 

A  cooperative  lightning  strike  reporting 
project  has  begun  in  which  five  U.S.  commercial 
airlines  report  lightning  strike  incidents  to 
General  Electric  for  analysis  and  correlation. 
The  objective  of  this  program  is  to  obtain 
more  data  on  the  effects  of  lightning  on  ad¬ 
vanced  aircraft  and  flight  syutems ,  and  rol  ft- 
these  effects  to  the  known  characteristics  of 
the  lightning  strike  event,  such  as  flash  at¬ 
tachment  points  and  intensity.  Periodic  sum¬ 
maries  of  data  end  analyses  ore  made  and  dis¬ 
seminated  to  interested  aircraft  companies, 
airlines  and  government  agencies,  forty-six 
strik*  incidents  were  included  in  the  first 
summary  covering  1971  data  which  is  the  basis 
of  this  paper.  The  summary  includes  data  on 
Boeing  707,  727,  737,  747  art!  McDonnell- 
Douglas  DC-8  and  PC -9  aircraft.  The  46  inci¬ 
dents  included  16  with  no  reported  carnage  to 
the  aircreft.  Among  the  effects  reported  were 
12  incidents  with  radome  damage,  15  involving 
interference  or  damage  to  avionics  and  3  in¬ 
volving  lightning  arrester  failure  on  HF  an¬ 
tenna  systems.  Of  gre  .test  concern  wore  two 
instances  of  AC  generator  trip-off,  and  the 
most  elusive  of  on  explanation  ware  two  inci¬ 
dents  of  reported  "balls  of  fire'1  within  the 
ce  in.  The  datu  also  shows  that  most  aircraft 
were  struck  at  altitudes  cf  between  10  and  22 
thousand  feet  but  as  high  as  37,000  feet.  Co¬ 
operation  by  most  airline  pilots  has  been  ex¬ 
cellent,  and  continued  interest  and  support  is 
needeu  if  the  data  base  is  to  grow  and  provide 
this  needed  input  to  most  effectively  guide 
the  course  of  future  research  on  aircraft 
lightning  effects  and  protection  aeve* jvment . 

THE  AIRLINES  LIGHTNING  STRIKE  REPORTING  PROJECT 
has  the  objective  of  obtaining  a  greater  under¬ 
standing  of  the  conditions  under  which  aircraft 
are  struck  by  lightning  and  the  resultant  ef¬ 
fects  therefrom  on  aircraft  structural,  elec¬ 
trical  and  avionics  systems  and  personnel.  Of 
particular  interest  are  the  effects  of  light¬ 
ning  on  uew  and  advanced  avionics  systems  and 
airframe  structural  materials,  for  which  oper¬ 
ational  experience  and  lightning  strike  data 
are  relatively  limited.  Toward  th  a  end,  five 
U.S.  commercial  airlines  oegan  forwarding  data 
on  lightning  strike  incidents,  in  June  of  1971, 
to  the  G.E.  High  Voltage  Laboratory,  in  a  co¬ 
operative  program  wherein  the  airlines  were 
provided  with  questionnaire-type  report  forme 
for  flight  and  ground  crews  to  recoid  perti¬ 
nent  aspects  of  each  incident.  This  form,  a 
copy  of  which  is  shown  on  Figure  1,  was  de¬ 
signed  with  the  aid  of  participating  airlines 


and  is  an  outgrowth  of  one  designed  earlier 
for  possible  Air  Force  use,  under  a  program 
sponsored  by  the  Air  Force  Avionics  Laboratory. 

The  participating  airlines  are: 

AMERICAN  AIRLINES 
BRANIFF  INTERNATIONAL 
CONTINENTAL  AIRLINES 
EASTERN  Ai  LINES 
UNITED  AIR  LINES 

This  data  is  to  be  periodically  compiled 
and  reported,  with  appropriate  correlations, 
to  interested  organizations  and  research  lab¬ 
oratories  concerned  with  various  aspects  of 
the  phenomenology  of  lightning  effects  on  air¬ 
craft.  It  is  hoped  to  continue  the  project 
for  several  more  yeers  and  expand  the  data 
base  by  the  addition  of  more  airline  partici¬ 
pants  and  other  operators  of  airfleets,  includ¬ 
ing  genera)  aviation  aircraft  for  which  little 
lightning  strike  data  has  been  recorded  ard 
summarized. 

Over  100  completed  report  forms  have  been 
received  from  participating  airlines,  however, 
only  the  data  from  the  46  strikes  of  1971  has 
been  reduced  and  summarized  as  of  this  writ¬ 
ing  (August  1972).  Therefore  it  is  this  data 
which  is  reported  herein.  Each  incident  re¬ 
port  remains  on  file  and,  in  general,  statis¬ 
tical  summaries  presented  in  each  date  sum¬ 
mary  report  will  be  based  on  the  cumulative 
total  of  all  incidents  reported  in  the  project 
to  date. 

Recognizing  that  46  strikes  is  a  very 
small  data  base  on  which  to  show  meaningful 
correlations,  few  have  been  presented  in  this 
first  summary  report.  As  the  project  pro¬ 
ceeds,  additional  correlations  will  be  devel¬ 
oped.  The  following  paragraphs  summarize  the 
lightning  strike  conditions  and  resulting  ef¬ 
fects  reported  for  1971. 

CONDITIONS  WHEN  STRUCK 

Figure  2  is  a  bar  graph  showing  frequency 
of  lightning  strikes  versus  altitude.  In  in¬ 
terpreting  this  graph,  it  should  be  remembered 
that  the  altitude  at  which  a  strike  occurs 
depends  not  only  on  the  electrical  situation 
of  the  atmosphere  at  a  certain  altitude,  Vet 
also  upon  the  frequency  of  operational  use  of 
a  certain  altitude  by  the  aircraft.  The 
graph  shows  that  most  strikes  have  been  re¬ 
ceived  at  altitudes  of  between  10,000  and 
22,000  feet,  but  it  is  interesting  to  note 
that  about  %  were  received  at  alti*'ides 
ato'-e  30,000  feet.  One  strike,  not  shown  on 
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LI0KIKIN3  9TRIXE  INCIDENT  REPORT 


INSTRUCTIONS 


The  purpose  of  this  report  ic  to  gather  data  relating  lightning  strike  Incidents  to  aircraft  t /pc  and  fly lug  con¬ 
ditions.  This  data  will  be  used  in  support  of  research  efforts  leading  to  the  develope'ent  of  lightning  protection  ays- 
tew . 

Please  cosplete  snd  flit  this  report  immediately  following  your  flight*  providing  as  ouch  as  the  requetted  data 
aa  you  con. 


PART  I  -  TO  BE  COMPLETED  BY  THE  FLICOT  CREW. 


PARI  n  -  TO  BE  COMPLETED  BY  THE  GROWS  CREW. 


FART  1  (TO  BE  COMPLETED  BY  ELI  COT  CREW?: 


'peratioaal  Conditions  at  Time  jf  Strike 


•  Flight  Mo. 


1  ‘oc  of  Strike 


Aircraft  type  „ 


1*{F  Reading  _ 


•  AitltJde_ 


,  Ft. ;  Air  Speed  . 


•  Condition:  Approach _ CJiab _ Level  Flight 


•  Area 

Weather:  Cloud  T/pe  %  Cover  0-1  ling  (ft.)  Tops  at  ( ft . ) 


Teap.  CO 


•  At  time  of  strike  aircraft  was:  Above  Clouds _ Within  Clouds  -  Belov  Celling^ 


eclt list ion  in  Fora  of: 


*  Were  There 


et  In  Vicinity  Before _ After _ Strike? 


•  Were  Yu-  \vare  cf  Electrical 


•  Was  St.  0100*0  Fire  Vlolble  Before  Strike?  Yeo 


Experienced :  (Check  WUcn)  ^ 
Interference  Outage 


Any  Effects  on:  (Check  Which) 


AC  Power  System 


v«ather  ftjdar 


DC  Power  Syotea 


VOR  Receiver 


Stiffening  of  Controls 


Engine  Flameout 


S _  1 _ 2  ___3 . 


Any  Effects  on  Personnel,  such  j 


Flash  Blindness 


Electric  Shock 


5 _ _  1 _ _ 3 _ 


Vo  ’ re  Amp,  System 


Additional  Comments  (Further  Deicription  of  Effects  Chcckr  Above) 


PLEASE  TURK  TO  REVERSE  SIDE  FOR  PART  II,  TO  BE  COMPLETED  BY  GROUND  CREW 


MVt  FORM  LSUf-S 


FIGURE  I-  LIGHTNING  STRIKE  INCIDENT  REPORT  FORM 


■I 


m 
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M  *gs 


Part  II  (TO  BK  CQHPU5TED  BY  GROUND  CREW): 


Please  mark  stroke  attachment  points  (burn  marks)  on  generalized  aircraft  nketch  belov.  Add  engines  or  other  com¬ 
ponents,  if  necessary,  to  shov  attachment  points. 


Indicate  whether  top  or  bottom,  starboard  or 
port,  etc. 


Sketch  here  an  enlargement  of  the  area  struck  (i.e.,  wing 
tip,  flap,  etc.).  Show  details,  such  as  successive  plt- 
tiug  (swept  stroke)  markings.  He.  Please  attach  photo¬ 
graphs  if  possible. 


K 


Describe  ony  damage  to  aircraft  structure  or  external  components  believed  to  be  the  result  of  the  lightning 
strike _ _ _ _ _ _ 


•  Describe  ony  damage  to  avionics  or  electrical  components  bel level  to  have  occurred  os  a  result  or  the 
lightning  strike, _ _ _ _ _  _  __  _ _ _ _ 


PART  II  Completed  by  . 


Fold  in  Thirds  with  this  Address  Side  Visible,  Staple  and  Mall 


Place 

Flrnt  Class 
Postage  Here 


TO:  GENERAL  ELECTRIC  COMPANY 
PtOH  VOLTAGE  LABORATORY 
BLDG.  C,  ROOM  202 
100  V0ODLAVN  AVENUE 
PITTSFIELD,  MASS.  01201 

ATT*.  LIGHTNING  STRIKE  REPORTING  PROJECT 

FIGURE  I  -  (CONTINUED) 
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ALTITUDE  (1,000'S  OF  FEET) 

GURE  2 -STRIKE  OCCURRENCE  VS. ALTITUDE 


the  graph,  was  also  received  by  an  aircraft 
on  the  ground. 

Weather  conditions  in  the  vicinity  of  the 
aircraft  #hen  struck  include  the  following, 
based  on  a  total  of  46  incidents  reported: 

•  In  30  of  the  incidents  the  aircraft 
was  known  to  be  within  a  cloud. 

•  In  27  cases  the  aircraft  was  experi¬ 
encing  turbulence. 

•  In  27  incidents  precipitation  in  the 
form  of  rain,  freezing  rain,  sleet  or  snow  was 
reported . 

•  In  23  cases  electrical  activity  (ear¬ 
phone  static  and/or  St.  Elmo's  fire)  was  evi¬ 
dent  before  the  strike. 

EFFECTS  ON  THE  AIRCRAFT 

When  an  aircraft  is  struck  by  lightning 
it  nearly  always  ee comes  part  of  the  path  the  • 
flash  is  taking  to  another  ultimate  destination. 
This  is  because  the  aircraft  itself  has  little 
capacity  to  store  electrical  charge,  as  com¬ 
pared  with  the  iiuuunt  of  charge  (coulombs ) 
which  we  know  actually  flows  in  a  lightning 
flash.  Thus,  in  each  incident  there  will  nor¬ 
mally  be  two  points  where  the  lightning  ac¬ 
tually  attaches  itself  to  the  aircraft:  an 
"entry"  and  an  "exit"  point.  Sometimes,  due 
to  branching  of  the  flash,  there  may  be  more 
than  one  entry  or  exit  point. 

The  most  obvious  effects  of  lightning  on 
the  aircraft  are  therefore  those  such  as  pit¬ 
ting  or  puncture,  which  occur  at  the  attach¬ 
ment  point p . 

Of  the  46  incidents  reported: 

16  reported  no  effects  of  any  kind  except 
minor  pitting  or  burned  marks  on  the  aircraft. 

12  reported  radome  damage  of  some  degree, 
including  puncture. 

10  reported  static  discharger  wicks 
burned  off. 

The  passage  of  lightning  current  through 
the  airframe  between  these  points  may  be  the 
cause  of  other  effects.  These  may  result  from 
magnetic  field  interaction  with  aircraft  elec¬ 
trical  circuits,  or  ohmic  heating  of  resistive 
materials,  for  example.  Relatively  little 
data  presently  exists  concerning  the  extent  of 
such  effects  or  their  relationship  to  the 
lightning  strike  characteristics.  To  the  ex¬ 
tent  possible,  one  of  the  objectives  of  this 
project  is  to  learn  more  about  the  relationship 
of  these  effects  to  lightning. 

Where  sufficient  information  has  been  re¬ 
ported  to  enable  it,  the  data  is  being  organ¬ 
ized  to  show  the  two  (or  more)  attachment 
points,  thereby  indicating  the  main  portions  of 
the  aircraft  through  which  lightning  currents 
traveled,  for  comparison  with  corresponding 
effects.  The  data  are  subdivided  according  to 
aircraft  type  and 'presented  on  Table  I. 

Among  the  incidents  particularly  note- 
-rorthy  are  the  following: 

•  In  2  oases  the  strike  apparently 
caused  an  AC  generator  to  trip-off  the  lire. 


•  In  2  incidents  "bails  of  fire"  were 
seen  by  flight-  attendants  to  enter  the  cabin 
through  a  window  or  pass  down  the  aisle. 

•  Lightning  arresters  in  HF  antenna  sys¬ 
tems  were  blown  out  in  3  or  4  incidents  and 
apparently  failed  to  protect  HF  system  compo¬ 
nents  in  several  other  incidents. 

•  No  holes  were  burned  through  metallic 
aircraft  skin  in  any  incident  reported,  al¬ 
though  several  stabilizer  skin  panels  were 
torn  off  of  a  747  in  one  Incident. 

•  In  no  case  of  an  incident  of  a  strike 
in  the  air  ware  any  personnel  injured. 

CONCLUDING  DISCUSSION 

The  preceding  data  provide  some  interest¬ 
ing  opportunities  to  compare  basic  lightning 
current  flow  paths  with  resulting  effects  on 
various  components  or  systems.  In  most  cases, 
additional  information  about  the  affected  sys¬ 
tems  will  be  required  before  the  specific 
ca'tse  of  each  effect  can  be  defined.  Since 
publication  of  the  first  data  summary  re¬ 
port  (if  several  airframe  companies  and  ovuer 
organizations  have  volunteered  additional 
supporting  information  or  made  suggestions  for 
improvements  in  presentation  of  data.  This 
acsistance  is  gratefully  appreciated  and  will 
be  taken  advantage  of  as  the  program  proceeds, 
so  that  the  data  can  be  made  as  useful  as 
possible.  A  larger  data  base  would  be  possi¬ 
ble  if  additional  airlines  would  oooperate  in 
the  project,  and  it  is  hoped  that  other  air¬ 
lines  will  join  the  project  in  the  near  fu¬ 
ture. 
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table 

1  -  Attacbnent  Points  and  Effects 

B-707 

&ttaetor*&t  fbl*t a 

Effects 

Nose  (pitot  tube) 

&-M 

HV  antenna 

• 

No.  1-HF  tunar  would  not 
tune 

Static  air  temp  probe 

and 

? 

• 

Static  air  temp  probe  burned 
out 

Radome  (l/2“  hole  and 
burn  marks) 

and 

? 

• 

No.  1  radar  outage 

B-7  27 

Swept  stroke  along  lower 

and 

Vertical  stabilizer  (?) 

0 

No.  1  and  No.  2  compass  sys- 

right  side  of  fuselage  from 

teas  out 

nose  gear  door  to  leading 

t* 

ADF  coupler  in  tail  inopera- 

edge  of  wing  root 

tive 

Co-pilct's  forward  wind- 

and 

7 

• 

Approx.  15  cracks  from  up- 

shield 

per  center  corner  to  right 
side  of  co-pilot's  forward 
windshield  (no  pressure 
fluctuations) 

Swept  stroke  louring  6  shiny 

and 

Oscillating  tail  light 

G 

Flew  off  oscillating  t&ii 

spots  l/8"  to  lA"  in  size. 

light  loose  and  burned  out 

in  line  5"  apart  beginning 

:  -.wit 

Just  aft  of  radoroe  on  right, 

6 

Bl«»  out  two  tail  lightning 

lower  s  /lc  of  fuselage  in 

arresters 

front  of  nose  geex  door 

• 

Stewardess  said  "ball  of 
fire"  ffijved  down  isle  of 
cabin 

Right  wing  tip 

and 

Left  wing  tip  (?) 

• 

90°  error  is.  both  compass 
systems 

Hose  (7) 

and 

Right  wing  tip  trailing  edge 

% 

Compass  syetsr  "acted  up- 

lamp 

• 

after  strike  "had  to  k.-ep 
resetting" 

"Felt  one  Jolt  on  controls" 

• 

Crew  flash  blindness -was 
outside  with  heads  close  to 
windshields. 

C 

Lense  and  bulb  broken  o:i 
trailing  edge  light,  ali 

collar  rivets  burned  and 
top  side  of  collar  pulled 
away  from  wing  l/4" 

Radome 

and 

Right  wing  tip  outboard  sta- 

• 

Chip  of  paint  removed  from 

tic  discharger 

• 

radoroe 

Outboard  static  wick  knocked 
off  at  skin  attachment  noint 

Radoroe  (1/8"  hole) 

and 

Swept  stroke  along  fuselage 

• 

1/8"  hole  ir  radoroe 

leaving  12  to  15  burned 

12  to  15  burned  marks  in 

marks  running  from  main  en¬ 
trance  door  aft  to  No.  1 
engine 

skin 

7 

and 

? 

• 

Interference  on  No.  1  A  2 
ILS-G/S 

6 

Differential  fault  on  No.  3 
generator 

Nose  (?) 

and 

Left  wing  tip  Sts  tic  die- 

• 

One  trailing  edge  static 

charger 

discharger  blown  off 
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Table  1  -  (Continued) 

B-727 

Attachment  Points 


Effects 


Radon*  (2  pin-holes) 

and 

Swept  stroke  along  fuselage 

e 

2  pin-holes  in  radon* 

from  lower  nose  aft  to  left 

• 

Interference -weather  radar 

nose  gear  door 

and  No.  2  VKF 

Left  outbot  ii  wingtip 

and 

? 

• 

"Flesh  and  thump" 

static  discharger 

Interference  in  radio 
altimeter 

Left  outboard  elevator 

and 

? 

<1 

No.  3  generator  tripped 

• 

Discharge  wick  burnei 

HF  Antenna 

and 

Lrfer  rtiike  leaving  5  marks 

• 

Both  HF's  inoperative 

>ag  bei.'y  ^>f  fuselage 

• 

Damaged  lightning  arrester 
and  No.  1  HF  coupler 

B-747 

Radome  (small  burned  spot) 

and 

Right,  horizontal  and  vertical 

• 

20x37"  portion  of  upper 

stabilizers 

skin  penel  missing  on  right 
stabilizer  outboard  of  ele- 

vators 

• 

19x29"  portion  of  right 
stabilizer  lower  skin  panel 

missing 

• 

Right  tail  light  missing 
and  elect? j cal  wiring 
damaged 

• 

Slight  damage  to  right  out¬ 
board  elevator 

• 

Damage  to  right  stabilizer 
trailing  edge  rib 

• 

Streaks  on  outer  surface  of 
first  nine  passenger  windows 
on  right  side  of  fuselage 

Radon*  (?)  (Destroyed  by 

and 

All  static  dischargers  on 

• 

All  static  discharge  wicks 

hail) 

wing  and  empennage  tips 

missing  or  burned  down  to 
short  stubs 

1 

DC-d 

Radon*  ( i  pin-holes) 

and 

Ground  power  umbilical 

• 

All  ADF's  inoperative 

cables 

* 

All  altimeters  off  400* 

• 

Fit-recorder  light  stays  on 

• 

Aircraft  would  not  accept 

AC  power  after  strike 

1  (Plane  struck  while  on  ground  at  airport) 

* 

Worker  loading  aircraft 

knocked  unconscious 

Radome  (2  1/4"  holes) 

and 

Both  wing  tip  static 
wicks  (burned) 
and 

Right  stabilizer  leading 

edge  12"  out  from  fuselage 
and 

Several  rivets  burned  on 
right  stabiliser  leading 
edge  from  top  of  front  spar 
to  bottom  epprox .  4'  from 
tip _ _ 
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Table  1  -  (Continued) 

DC-9 

Attachment  Points 

Effects 

Swept  stroke  cheating  5  burned 

and 

V®’  and  UHF  antennas 

0 

VHF  ard  UHF  antennas  re- 

marks  along  b"  path  on  fuselage 

quired  replacemsnt 

below  left  wing 

» 

10°  spread  in  compass 

system 

Swept  stroke  creating  6  pit 

and 

Flash  entered  passenger 

• 

One  flight  attendant  was 

marks  between  nose  and  forward 

door  and  went  out*  window 

struck  in  the  hands  but 

loading  door 

in  galley  door 

rot  in.lure-d 

Radome  (destroyed  by  hail) 

and 

No.  2  VHF  antenna 

• 

Outage  both  compasses 

and, 

• 

Momentary  crew  disorienta- 

AuxlJ iary  pitot  nead 

tion 
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H.S.  SCHWARTZ,  CHAIRMAN  &  ORGANIZER 
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Introduction  to  the  Session  on  Advanced 
Composites,  Materials,  and  Structures 

H.  S.  Schwarts 

Air  Force  Materials  Laboratory 
ABSTRACT 

The  use  of  external  aircraft  components 
made  of  nonelectrically  conducting  materials 
(e.g.  glass  fiber  reinforced  plastics  for 
radomes  and  transparent  plastics  for  canopies) 
and  poorly  electrically  conducting  materials 
(e.g.  boron  and  graphite  fiber  reinforced 
plastics  for  structures)  require  special  de¬ 
sign  attention  to  assure  resistance  to  struc¬ 
tural  damage  when  struck  by  lightning,  Light¬ 
ning  protection  techniques  for  radomes  and 
canopies  have  been  known  and  used  for  a  num¬ 
ber  of  years.  More  recently,  lightning  pro¬ 
tection  techniques  and  coatings  have  been  de¬ 
veloped  for  boron  and  graphite  fiber  rein¬ 
forced  plastics.  An  additional  design  con¬ 
sideration  is  the  protection  of  electrical 
circuits  housed  within  these  materials  from 
electromagnetic  fields  which  may  induce  ex¬ 
traneous  voltage,  thereby  causing  malfunc¬ 
tions.  Some  research  has  been  done  in  this 
area  but  additional  research  and  information 
is  needed  for  electrical  design  purposes. 

FOR  AN  AIRCRAFT  or  other  aerospace  vehicle  to 
have  maximum  resistance  to  the  damaging  effect 
of  lightning,  at  a  high  confidence  level,  it 
is  recommended  by  most  authorities  that  the 
lightning  current  be  confined  to  the  outer 
surface  or  skin  of  the  vehicle.  An  ideal 
situation  would  be  for  the  aircraft  surface 
to  be  a  continuous  aluminum  skin,  without  any 
area  of  electrical  discontinuity.  Obviously, 
this  situation  does  not  exist  for  real  air¬ 
craft,  since  certain  functions  and  mission 
performance  aspects  necessitate  rhe  use  of 
nonelectrically  conductive  materials  on  the 
outer  surface.  For  example,  windshields  and 
canopies  are  either  transparent  plastic  or 
glass,  and  radome  materials  are  glass  fiber 
reinforced  plastic.  These  materials  are  good 
dielectrics  and  generally  have  a  high  dielec¬ 
tric  strength  (good  resistance  to  puncture 
when  a  high  voltage  is  Imposed  across  the 
thickness  of  the  material) .  When  lightning 
strikes  or  sweeps  across  the  surface  of  these 
materials,  their  high  dielectric  strength 
resists  puncture  over  a  certain  distance  call¬ 
ed  the  "surface  flashover  distance".  This 
surface  flashover  capability  of  good  dielec¬ 
tric  materials  permits  the  use  of  the  "spaced 
conductive  element"  approach  for  lightning 
protection.  In  this  approach,  aluminum  or 
other  conductive  metal  strips  connected  at 
one  end  to  the  metal  airframe  are  placed  on 
the  surface,  at  a  distance  from  each  other 
slightly  less  than  the  surface  flashover  dis¬ 
tance.  When  lightning  strikes  such  a  pro¬ 
tected  surface,  it  (should)  flash  over  to  the 
conductive  metal  strip  and  thence  be  conducted 


to  the  airframe  without  significant  damage 
occurring. 

For  radomes,  windshields,  and  canopies, 
nonelectrically  conductive  materials  are  used 
of  necessity.  There  are  no  suitable  high 
electrical  conductivity  materials  for  these 
uses.  However,  in  the  structural  materials 
area,  there  are  options  available  to  the  de¬ 
signer.  During  the  last  few  yeare  structural 
fiber  reinforced  plastics  have  been  developed 
which  give  lighter  weight,  more  fatigue  re¬ 
sistant  aircraft  structures  than  metals. 
Specifically  these  are  boron  fiber  reinforced 
plastics  and  graphite  fiber  reinforced  plas¬ 
tics,  These  materials  are  so  attractive  from 
a  structural  performance  standpoint  that  they 
will  very  likely  be  used  in  a  broad  range  of 
structural  applications  in  aircraft  in  the 
coming  years,  even  though  neither  material  is 
a  good  electrical  conductor. 

Boron  fiber  reinforced  plastics  are 
macrcscoplcally  a  dielectric  material  analo¬ 
gous  to  glass  fiber  reinforced  plastics. 
Microscopically,  however,  they  consist  of  an 
array  of  conductive  elements  in  an  electri¬ 
cally  insulating  two  phase  matilx.  Boron 
fibers  are  made  by  chemical  vapor  deposition 
of  boron  on  a  heated  tungsten  wire.  During 
the  fiber  formation  process,  most  of  the 
tungsten  "core"  is  converted  to  tungsten  bo¬ 
rides.  The  conducting  elements  in  the  com¬ 
posite  are  the  tungsten  or  tungsten  boride 
"cores"  of  the  boron  filaments.  One  phase 
of  the  insulating  matrix  is  the  boron 
"sheath"  which  surrounds  the  core;  the  other 
phase  of  insulating  matrix  is  the  plastic 
(e.g,  epoxy)  which  surrounds  the  boron  fibers. 
When  an  unprotected  boron  fiber  plastic  com¬ 
posite  is  exposed  to  sufficiently  high  volt¬ 
ages  and  current,  (representing  moderately 
severe  lightning  strikes)  dielectric  break¬ 
down  of  the  insularir.g  phases  occurs.  Cur¬ 
rent  flows  in  the  core  raising  its  tempera¬ 
ture,  and  causing  it  to  expand  against  the 
restraint  by  the  boron  sheath.  When  the 
strain  caused  by  the  core  expansion  exceeds 
the  maximum  strain  capability  of  the  boron 
sheath,  the  boron  cracks,  both  longitudinally 
and  radially  causing  the  loss  of  structural 
integrity  of  the  composite. 

Graphite  fiber  reinforced  plastics  are 
quite  different,  electrically,  from  boron 
fiber  reinforced  plastics.  Graphite  fibers 
are  homogeneous  from  sn  engineering  stand¬ 
point,  and  have  moderate  electrical  conduc¬ 
tivity,  When  graphite  fibers  are  combined 
with  a  plastic  laminating  resin  to  form  a 
composite,  the  composite  has  measurable  elec¬ 
trical  conductivity  under  low  voltage 
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(no  dielectric  breakdown)  coviltions.  Wfien 
an  unprotected  graphite  fiber  plastic  com¬ 
posite  is  ej^iosed  to  sufficiently  high  voltage 
and  current,  current  enters  the  graphite 
fi'  ers  by  both  direct  conduction  and  dielec- 
tr..c  breakdown  of  the  plastic  laminating  res¬ 
in.  The  graphite  fibers  are  heated  to  a 
temperature  sufficiently  higl  to  cause  pyroly¬ 
sis  (decomposition,  vaporisation)  of  the  plas¬ 
tic  laminating  resin  in  contact  with  the 
graphite  fibers,  causing  loss  of  structural 
integrity  of  composite. 

In  order  to  assure  that  boron  and 
graphite  fiber  reinforced  plastic  composites 
would  maintain  structural  integrity  after 
being  struck  by  lightning,  various  protective 
materials  arid  techniques  have  been  evaluated 
and  developed  during  the  pa3t  few  years.  The 
approach  which  has  been  demonstrated  to  be 
most  effective  is  the  use  of  an  electrically 
conductive  coating  or  overlay  over  the  sur¬ 
face.  Aluminum  foil,  flame  sprayed  aluminum 
and  aluminum  wire  fabrics  have  been  shown  to 
be  effective  in  protecting  boron  and  graphite 
fiber  reinforced  plastics  from  structural 
damage  at  peak  currents  as  high  as  200KA. 

In  the  interest  of  objectivity  no  assessment 
will  be  made  here  of  which  coating  system  ia 
best  using  various  criteria  such  as  perform¬ 
ance,  weight,  cost,  fabricabillty,  durability, 
etc.  The  information  presented  at  the  1968, 
1970  and  1972  Lightning  and  Static  Electric¬ 
ity  Conferences  should  be  adequate  for  the 
reader  to  draw  his  own  conclusions  as  to 
which  coating  has  the  best  balance  of  proper¬ 
ties.  (1),(2)*.  The  important  point  is  that 
from  a  structural  standpoint,  boron  and  graph¬ 
ite  fiber  reinforced  plastics  can  be  protected 
from  lightning  damage  with  coatings  weighing 
no  more  than  that  cf  about  two  coats  of  paint. 
Information  to  substantiate  this  statement 
has  been  presented  at  the  1970  Lightning  and 
Static  Electricity  Conference  and  additional 
corroborating  information  will  be  presented 
at  this  conference  in  this  session.  In  addi¬ 
tion,  one  of  the  papers  to  be  presented  at 
this  session  will  present  information  on  de¬ 
velopment  and  evaluation  of  a  lightning  pro¬ 
tection  systian  for  a  flight  scale  boron  fiber 
reinforced  plastic  aircr  ,ft  structure. 

Although  the  princlyles  of  protecting 
boron  and  graphite  fiber  reinforced  plastics 
from  structural  damage  by  lightning  have  been 
established,  there  are  still  certain  engineer¬ 
ing  details  that  will  probably  have  to  be 
worked  out  or  evaluated  for  specific  applica¬ 
tions.  For  example,  suppose  a  boron  cr  graph¬ 
ite  composite  skin  covered  with  a  lightning 
protective  coating  is  fastened  with  metal 
rivets  or  bolts  to  a  metal  spar  or  rib.  Will 
the  lightning  current  be  confined  to  the  coat¬ 
ing,  go  through  the  fastener  to  the  substruc¬ 
ture,  spread  out  in  the  composite,  or  do  a 
combination  of  these  things?  This  sort  of 

lumbers  in  parentheses  designate  Referencen 
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evaluation  of  detail  design  is  analogous 
to  what  has  been  required  in  other  areas  of 
lightning  protection,  such  as  protectior  for 
fuel  systems,  helicopter  rotor  blades,  etc, 
so  we  are  really  following  a  philosophy  that 
ha3  already  been  established. 

The  prototype  development  work  and  pro¬ 
duction  applications  of  boron  and  graphite 
fiber  reinforced  plastics  in  aircraft  struc¬ 
tures  have  also  focused  attention  on  the 
"electromagnetic  compatibility"  aspects  of 
these  composite  materials.  The  term  "elec¬ 
tromagnetic  compatibility"  as  used  here 
refers  to  the  influence  of  the  composite 
materials  on  the  functioning  of  on-board 
ele  itrical  ar.d  electronic  circuity  in  the 
presence  of  both  external  electromagnetic 
fields  and  fields  generated  bj  on-board 
circuitry.  The  electromagnetic  shielding 
properties  of  bare  boron  and  graphite  fiber 
reinforced  plastics  are  several  orders  of 
magnitude  less  than  that  of  aluminum  of 
equivalent  thickness.  Some  shielding  will 
be  provided  by  a  conductive  lightning  pro¬ 
tective  coating  on  the  external  surface  of 
the  composite.  However,  1c  is  likely  that 
special  design  attention  will  have  to  be 
given  to  this  area  to  assure  the  desired 
electrical  performance. 

Designing  for  electromagnetic  compati¬ 
bility  will  require  the  availability  of 
analytical  design  procedures,  information  on 
electrical  properties  of  materials,  and  data 
on  the  performance  of  electrical  and  elec¬ 
tronic  circuitry  housed  within  representa¬ 
tive  composite  material  components  to  vali¬ 
date  Che  analysis  and  design  procedure.  Some 
work  to  provide  some  of  the  required  informa¬ 
tion  has  already  been  done  and  is  being  re¬ 
ported  at  this  conference.  However,  a  great 
deal  of  additional  work  is  needed  to  provide 
the  remaining  required  information  and  to 
provide  a  high  confidence  level  ir.  the  abili¬ 
ty  to  design  for  and  provide  assurance  for 
adequate  electrical  performance.  V.'e  alar; 
nued  to  maintain  the  dialogue  among  the 
engir.eci.s  and  scientists  representing  the  vari¬ 
ous  disciplines  that  are  relevant  to  this  area. 
Conferences  such  as  this  are  one  way  in  which 
this  can  be  accomplished  or  at  least  cata¬ 
lyzed.  After  the  conference  is  over  we  will 
hopefully  maintain  communication  among  or¬ 
ganizations  and  individual*  which  la  so  vital 
to  advancing  the  technology. 
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Current  Flow  Phenomena  in  Boron  and 
Graphite  Fiber  Reinforced  Composites 
Exposed  to  Simulated  Lightning 


John  L.  Perry 
Philco-Ford  Corporation 

Kenneth  J.  Lloyd 
General  Electric  Company 

ABSTRACT 

Damage  due  to  the  flow  of  high  energy 
electrical  current  in  boron  and  graphite  re¬ 
inforced  plastic  matrix  composites  was 
studied  on  both  a  filament  and  composite  level. 
Degradation  levels  were  established  for  these 
composites  at  various  simulated  lightning 
waveform  shapes  and  current  amplitudes. 
Electric  current  flow  and  its  effect  was  meas¬ 
ured  In  current  restricted  paths  of  unidirec¬ 
tional  oriented  composites  ar.d  also  in  current 
dispersion  paths  of  multioriented  composites. 
It  was  found  that  the  total  electric  energy  in¬ 
put  and  the  heat  dissipation  were  the  most 
important  factors  in  the  degradation  mechan¬ 
ism.  Composite  specimens  of  boron  reinfor¬ 
ced  filaments  fail  at  a  filament  level,  whereas 
those  of  graphite  reinforced  filaments  fail  at 
the  matrix  level. 

A  JOINT  exploratory  research  program 
between  the  Aeronutronic  D:  vision  cf  Philco- 
Tord  and  General  Electri '  Company’s  High 
Voltage  Laboratory  has  been  concerned  with 
electric  current  induced  damage  in  boron  and 
graphite  reinforced  plastic  matrix  compos¬ 
ites  (1)  .  This  program  was  initiated  and 
sponsored  by  the  Naval  Air  Systems  Command 
in  response  to  data  presentation  which  demon¬ 
strated  that  boron  filament  epoxy  composites 
were  extensively  degraded  as  the  result  cf 
high  intensity  electric  current  flow  {2).  The 
significance  of  the  data  depends  upon  the 
probability  that  extensive  usage  of  these  light 
weight,  strong  and  stiff  composites  will  be 
made  in  future  generation  aircraft;  coupled 
with  the  distinct  possibility  that  such  electri¬ 
cal  current  damage  could  occur  to  these  com¬ 
posites  as  the  result  of  a  lightning  strike  to 
the  aircraft. 

The  overall  objective  of  this  program  was 
to  perform  research  into  the  effects  of  high 
intensity  -“'ectric  currents  on  advanced  fila¬ 
ment  reinforced  plastic  composites.  Specifi¬ 
cally,  the  work  was  to  be  directed  toward 
those  current  high  strength  and  modulus  fila¬ 
ment  types  that  have  been  developed  fo--  use  m 
structural  composites  for  advanced  aircraft. 
Also,  the  electric  currents  to  be  used  in  the 
study  were  to  be  representative  of  those  that 


*  Numbers  in  parentheses  designate  Ref¬ 
erences  at  end  of  paper. 


might  occur  as  the  result  of  a  lightning  strike 
to  the  curface  of  an  aircraft.  Following  this 
overall  approach,  the  program  was  oriented 
to  study  the  processes  involved  in  electric 
flow  through  filaments  and  composites  and  in 
the  determination  of  the  mechanisms  of  any 
damage  resulting  from  the  current  flow.  In¬ 
troductory  to  this,  however,  was  the  mater¬ 
ials  selections  and  characterisations  that 
were  made  preparatory  to  the  current  flow 
and  damage  mechanisms  research. 

The  approach  which  was  used  in  this 
program  was  to  expose  the  filaments  and  com¬ 
posites  to  the  passes  si  cisetricai  current  by 
injecting  the  current  into  the  specimen  and 
causing  the  current  to  flow  through  the  fila¬ 
ment  or  the  composite.  The  program  did  not 
include  studies  of  the  highly  severe  type  dam¬ 
ages  that  might  result  at  the  point  of  lightning 
stroke  attachment.  Instead,  the  program 
studied  the  effects  of  and  current  flow  pro¬ 
cesses  involved  when  the  electri:  current 
from  such  a  strike  disperses  throughout 
surrounding  structures  of  advanced  boron  or 
graphite  filament  reinforced  plastic  compo¬ 
sites  such  as  are  planned  for  use  in  advanced 
military  aircraft 

MATERIALS  AND  TEST  SPECIMENS 

In  the  program  both  filaments  and  epoxy  resin 
composites  of  boron  and  graphite  filaments 
were  evaluated.  The  boron  filaments  incljded 
both  the  standard  filament  manufactured  with 
a  tungsten  substrate  core  and  also  included 
those  in  which  the  boron  is  chemically  vapor 
deposited  onto  a  cubstrate  carbon  core  fila¬ 
ment.  Two  varieties  of  graphite  filament 
were  investigated,  a  graphite  tow  produced 
from  a  polyacrylonitrile  precursor  and  a 
graphite  yarn  manufactured  from  a  rayon  pre¬ 
cursor.  The  specific  filamentary  reinforce¬ 
ments  were: 

I.  Hitco’s  -  HMG  50  graphite  earn. 

c..  Couitauid's  -  HMS  graphite  tow. 

3.  United  Aircraft  Corp.  -  Boron  fila¬ 
ments  with  tungsten  core. 

4.  Supnlied  by  the  Air  Force  Material 
Laboratory  -  Boron  filaments  with  carbon 
core. 

5.  Union  Carbide  -  Thorne!  75S  graphite 
yarn, 

6.  Whittaker  -  Modrncr  II  graphite  tow. 
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7.  Minnesota  Mining's  -  SP-272  boron 
epoxy  prepreg. 

The  epoxy  resin  matrices  in  the  composites 
were  Sow  Chemical’s  DEN  438/MNA, 
Whittaker's  1004,  and  3M‘s  PR  279  resin 
which  is  the  resin  system  in  their  SP-272  pre¬ 
preg.  Test  specimens  included:  (1)  15-inch 
pieces  of  filament,  (2)  unidirectional  7"  x  0.  5" 
x  0.025"  tensile  specimens,  (3)  unidirectional 
6"  x  0.  5"  x  0.  1"  flexural  specimens,  and  (4) 
multioriented  ply  composite  panels  possess¬ 
ing  four  electrical  injection  attachment  sites. 
The  electrical  current  exposure  levels  were 
obtained  by  the  use  of  a  single  currant  pulse 
with  a  wave  shape  front  time  generally  in  the 
range  of  3-4  microsecond  and  a  tail  time  of 
22-24  microseconds. 

EVALUATION  OF  BORON/ TUNGSTEN  CORE 
J I  LAMENT  AND  BORON/ CARBON  CORE 
FILAMENT 


It  has  been  previously  reported  that  boron/ 
tungsten  core  filaments  begin  to  degrade  when 
exposed  to  electrical  current  injection  levels 
at  3.  7  x  104  amps/cm2  of  filament  cross- 
sectional  area.  Above  this  amperage  level 
tensile  strength  reduction  is  rapid  with  total 
filament  disintegration  occurring  at  levels  of 
8.  0  x.  104  amps/cm2  (1).  Figure  1  is  a  typical 
photograph  of  a  boron/ tungsten  filament  which 
i.as  been  exposed  to  a  high  degradation  level  of 
cur’-ent.  At  damage  thresholds  the  energy 
that  is  dispersed  within  the  core  is  dissipated 
as  heat  and  r-sulta  in  a  thermal  expansion  to 
a  degree  that  cracks  the  outer  boron  sheath. 

As  illustrated  by  tne  specimen  in  Figure  1, 
this  temperature  can  be  of  such  magnitude  as 
tc  melt  the  tungsten  core,  an!  as  confirmed  by 
scanning  electron  microprobe  determinationc 
the  molten  tungsten  core  will  actually  flow  into 
the  cracks  in  the  boron  sheath.  Figure  2 
chows  the  same  type  of  failure  (axial  cracking) 
of  the  boron/carbon  core  as  was  found  with  the 
boron/tungsten  core.  It  appears  that  regard¬ 
less  of  whether  manufactured  using  a  tungsten 
wire  or  a  carbon  monofilament  substrate,  the 
electrical  conduction  of  the  boron  filament  is 
still  via  the  substrate  core,  due  to  the  ex¬ 
tremely  low  conductivity  of  the  boron  so 
deposited.  It  was  determined  that  the  degra¬ 
dation  level  of  the  boron-carbon  core  fila¬ 
ments 
core  f; 

the  majority  of  the  current  is  carried  by  the 
core  because  cf  the  very  low  conductivity  of 
the  boron  sheath. 


3  compares  to  that  of  the  boron-tungsten 
Rlaments  (3.  7  x  iO4  ampa/cm2)  and  that 


DAMAGE  INSPECTION  OF  ELECTRICALLY 
EXPOSED  BORON  FILAMENTS 


It  haw  b’en  observed  that  boron  ftlarmat 
epexy  composites  that  have  beer,  degraded  by 
slcctrical  current  contain  some  filaments  that 
are  cracked  and  some  that  ?,re  not.  Photo  - 
micrographic  studies  showed  that  the  propor¬ 
tion  of  the  number  of,  filaments  with  radial 


****£&%££ 


cracks  was  higher  in  more  severely  degraded 
composites.  These  observations  contributed 
to  the  suspicion  that  there  is  considerable 
variation  in  the  conductivity  of  boron  filaments 
within  the  composites,  with  the  higher  con¬ 
ductivity  filaments  carrying  current  and  being 
damaged.  This  would  be  tiue  only  if  the 
cracks  in  filaments  are  not  local.  In  other 
words,  is  a  filament  that  is  observed  to  be 
cracked  at  one  point  in  the  composite  also 
cracked  at  other  points  along  its  length,  or 
are  all  filaments  cracked  locally  at  different 
points  along  their  length?  Attempts  to  trace 
single  filaments  micrographically  along  their 
lengths  in  a  composite  were  not  successful. 
Also,  such  observations  were  not  possible  in 
single  boron,  filament  electrical  exposures. 

At  a  point  where  any  cracking  occurred  in  the 
absence  of  a  confining  plastic  matrix  the  fila¬ 
ments  would  fall  apart  into  a  multitude  of  fine 
pieces.  Therefore,  in  order  to  prevent  this 
filament  disarray,  it  was  decided  to  en¬ 
capsulate  individual  boron  filaments  within  a 
resinous  sheath.  The  embedment  of  the  fila¬ 
ment  in  a  resin  casting  was  to  prevent  any 
displacement  of  individual  pieces  caused  by 
electrical  degradation  and  to  allow  photo¬ 
micrographs  to  be  made  along  the  length  in 
order  to  determine  if  the  damage  is  of  a  con¬ 
tinuous  or  a  local  nature.  Boron  filaments 
were  encased  within  a  plastic  casting  by 
centering  each  filament  within  a  thermo¬ 
plastic  soda  straw.  After  closing  one  end, 
the  straw  was  filled  with  a  mixture  of  epoxy 
and  polyamide  resins  (50-50  mixture  of  £pon 
828  and  Versamid  140),  cured  at  room  tem¬ 
perature  and  removed  from  the  straw.  The 
embedded  filament  specimen  configuration 
was  7  inches  in  length,  0.  20  inch  diameter 
with  a  free  end  of  the  filament  3/4  inch  in 
length  protruding  from  each  end  of  the  cas¬ 
ting.  The  specimens  t^ere  exposed  to  5-  8, 
and  10  x  104  amps/ciri  (3  x  24  microsecond 
waveform)  based  on  the  cross  -sectional  area. 
Specimens  from  each  series  were  mounted, 
polished,  and  photomicrograph,  d  at  three 
positions  along  the  length  of  the  fiber  ;I/4 
inch.  ,  2  inches,  and  4  inches  from  one  end) 
in  order  to  ascertain  the  severity  and  location 
of  the  degraded  area  in  the  filament.  Rep¬ 
resentative  photomicrographs  from  each 
group  are  shown  in  Figures  3,  4,  and  5.  The 
specimen  in  Figure. 3  which  naa  exposed  to 
5.  0  x  IQ4  ampe/cm^  of  filament  cross- 
sectional  area  had  axial  cracking  present  at 
the  2  inch  and  4  inch  position  but  not  at  the 
1/4  inch  position.  The  specimen  in  Figure  4 
which  was  exposed  to  6.  0  x  104  amps/ern2  of 
filament  cross-sectional  area  was  cracked  at 
all  three  locations  (i/4  inch,  2  inch,  and  4 
inch)  and  the  degradation  (axial  cracks)  were 
more  severe  than  was  eeon  in  the  specimen  in 
Figure  3  which  was  exposed  to  a  lower  curr¬ 
ent  lest.  The  specimen  in  Figure  5  which 
was  exposed  to  10.  0  x  104  amps/cm2  of  fila¬ 
ment  cross-sectional  area  was  cracked  at  all 
three  locations  and  was  the  most  .severely 
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Fig.  1  -  VIEW  OF  DAMAGED  BORON  TUNGSTEN 
CORE  FILAMENT  IN  COMPOSITE 
SPECIMEN  (800X) 


Fig.  2  ■*  BORON  CARBON  CORE  FILAMENT 
EXPOSED  TO  3.7  x  10^  amps/ 
cm2  CURRENT  INJECTION. 
(200X3  LONGITUDINAL  VIEW 
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A.  (800X) 


Fig.  3  -  SPECIMEN  NO.  22,  BORON  FILAMENT  AFTER  EXPOSURE  TO  5.0  x  10 
amps/cn/  ELECTRIC  CURRENT  INTENSITY.  (A  »  CROSS-SECTIONAL 
VIEW  1/4  INCH  FROM  FILAMENT  END;  B  *»  CROSS-SECTIONAL  VIEW 
OF  2  INCHES  FROM  FILAMENT  END;  C  -  CROSS  SECTIONAL  VIEW  4 
INCHES  FROM  FILAMENT  END.) 


Fie  4  -  SPECIMEN  NO.  23,  BORON  FILAMENT  AFTER  EXPOSURE  TO  6.0  x  10 
amps /cor  ELECTRIC  CURRENT  INTENSITY  (A  -  CROSS-SECTIONAL 
VIEW  1/4  INCH  FROM  FILAMENT  END;  B  =  CROSS-SECTIONAL  VIEW 
2  INCHES  FROM  FILAMENT  END;  C  -  CROSS-SECTIONAL  VIEW  4 
INCHES  FROM  FILAMENT  END) 
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Fig.  5  -  BORON  FILAMENT  AFTER  EXPOSURE  TO  10. 0  x  104  amps/cm 2 

ELECTRIC  CURRENT  INTENSITIES.  (A  -  CROSS-SECTIONAL  VIEW  1/4 
INCH  FROM  FILAMENT  END;  B  -  CROSS-SECTIONAL  VIEW  2  INCHES 
FROM  FILAMENT  END;  C  =  CROSS - SECTIONAL  VIEW  4  INCHES  FROM 
FILAMENT  END) 
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degraded  of  all  ci.rc-f.  specimens.  The  photo¬ 
micrographs  clearly  indicate  the  following: 

1.  The  degradation  is  directly  related  to 
the  injection  current  level. 

2.  The  boron  filament  (degraded  by  the 
passage  of  electrical  current)  is  characterized 
by  circumferential  and  axial  cracking  of  the 
tungsten  core  and  the  boron  shell. 

3.  The  degradation  appears  to  be  of  a 
local  nature  (Figure  3)  at  lower  levels  of 
damaging  current  flow  and  may  appear  at  weak 
locations  of  the  specimens. 

4.  The  degradation  appears  to  he  con¬ 
tinuous  along  the  filament  length  (Figures  4 
and  5)  for  those  specimens  which  have  been 
exposed  to  higher  current  injection  levels. 

INFLUENCE  OF  WAVEFORM  SHAPE  UPON 
THE  DEGREE  OF  DEGRADATION 

Available  data  indicate  that  current  flow 
resulting  from  lightning  strikes  rises  to  a 
maximum  amplitude  in  a  short  period  of  time 
and  decays  over  a  much  longer  period  of  time. 
The  rise  is  referred  to  as  front  time  (tf)  and 
the  decay  as  tail  time  (tj).  Typical  peaks 
hwve  front  times  of  1-10  microseconds  and 
tail  times  of  10-50  microseconds.  Prior 
work  has  shown  that  degradation  levels  in 
boron  epoxy  composites  could  be  correlated  to 
the  resistive  energy  dissipation  of  electric 
current  flow  in  such  composites  (1).  However, 
in  the  previous  work  a  single  current  wave¬ 
form  was  utilized  and  the  exposure  levels 
were  changed  by  varying  the  crest  amplitude 
of  the  current.  As  it  was  suspected  that  the 
degree  or  degradation  was  not  solely  dependent 
upon  the  erect  amplitude,  further  testing  was 
accomplished  with  boron  and  graphite  epoxy 
composites  in  which  front  times  and  tail  times 
of  the  wave  shapes  were  varied. 

Unidirectional  tensile  specimens  (0.  025 
inch  thickness  x  0.  10  inch  width  x  7  inch 
length)  were  fabricated  of  HMG-50  graphite 
with  DEN  438-MNA  epoxy  and  of  3  M's  SP-272 
boron  epoxy  tape.  Each  end  of  the  individual 
specimens  was  scarfed,  vapor  honed  and 
nickel  plated  for  electrical  contact.  Speci¬ 
mens  were  exposed  to  various  current  crest 
level  variables  and  waveform  variables.  Four 
variations  in  waveform  were  investigated:  tj 
«,nd  tt  of  1  x  10,  3  x  10,  3  x  24,  and  3  x  50 
microseccnds.  Variations  in  the  current  in¬ 
tensity  injected,  based  on  the  total  cross- 
sectional  area  of  the  filaments  in  each 
specimen,  in  amps/cm''  were  in  the  range  of 
5  to  60  x  104  for  boron  composites  and  10  to 
33  x  104  for  the  graphite  composites. 

The  relation  of  'he  percent  tensile 
strength  degradation  for  three  waveforms  at 
various  current  crest  levels  is  graphically 
presented  in  Figure  6  for  both  the  boron-epoxy 
and  graphite-epoxy  composites.  It  appears 
that  one  relationship  holds  true  for  both  the 
boror,  and  graphite  composites,  i.  e.  ,  damage 
in  both  composites  is  directly  related  to  the 
total  energy  deposLion. 


ELECTRICAL  CURRENT  FLOW  PATHS  IN 
MULTIORIENTED  BORON  AND  GRAPHITE 
FILAMENT  COMPOSITES 

Multi -oriented  ply  composite  el?.  of 
boron  and  graphite  filaments  were  ited 

in  which  alternate  plies  of  the  rein.  .  ,  wrr.ent 
were  directionally  oriented  varying  from  0° 
to  90°.  The  fabrication  of  the  panels  utilized 
3M  SP-272  boron  filament/PR-279  epoxy 
composition  and  Modmor  II  filament/  Whittaker 
1004  epoxy  resin  composition.  The  panels  of 
both  the  boron  filament  and  graphite  filament 
composites  were  machined  to  the  configura¬ 
tions  shown  in  Figure  7.  The  reasons  for 
selection  of  these  configurations  was  to  place 
cutouts  so  that  the  effect  of  the  current  flow 
to  different  points  could  be  measured  as  a 
function  of  the  number  of  non-interrupted 
filament  conduction  paths.  Each  point  of 
electrical  contact  was  nickel  plated  for  that 
purpose.  After  electrical  exposure  the  panels 
were  dissected  and  flexural  specimens  were 
taken  from  various  locations  in  order  to 
determine  areas  of  electric  current  damage. 

To  determine  percent  loss  in  strength  due  to 
the  electrical  exposures  an  identical  panel  of 
each  material  and  configuration  was  dissec¬ 
ted  and  flexural  specimens  from  identical 
locations  tested.  The  degradation  at  each 
location  then  was  expressed  as  a  percentage 
reduction  in  flexural  strength  from  the  three 
point  bending  flexural  test.  Figures  8  and  9 
present  the  data  obtained  during  the  electri¬ 
cal  injection  testing  of  boron  and  graphire 
composite  panels  which  were  fabricated  using 
ply  orientations  of  0°,  +45°,  -45°  and  90b. 

In  each  figure,  point  No.  1  is  the  point  of 
current  injection.  Points  No.  2,  3,  and  4 
were  connected  to  ground  ana  the  amplitude 
of  current  injected  to  point  No.  .1  and  exit- 
ting  points  2,  3,  and  4  was  measured. 

The  location  of  the  flexural  specimens 
tested  afte'"  electrical  injection  are  drawn  on 
the  panel  configurations  and  the  percent  deg¬ 
radation  as  measured  for  each  specimen  is 
noted  within  the  rectangle  that  denotes  each 
specimen.  Two  current  injection  levels  were 
selected  for  each  panel.  The  first  level  was 
of  a  low  non-degrading  magnitude  to  eval¬ 
uate  current  flow  paths,  in  the  absence  of 
degradation,  due  to  current  flow.  The 
second  was  of  a  higher  current  level  to  insure 
composite  damage  in  order  to  study  relative 
locations  of  such  damage. 

The  studies  performed  with  the  several 
combinations  of  filament  orientations  and 
composite  pan,  l  geometries  shew  that:  In 
boron  filan;  jnt  epoxy  composites  the  electric 
current  will  flow  predominantly  in  the  boron 
filaments  that  intersect  the  point  where  the 
current  is  introduced  into  the  panel. 

Electric  current  flow  in  graphite  filament 
epoxy  composites  appears  to  be  isotropic  in 
that  equal  flow  is  independent  of  filament  or¬ 
ientation.  The  current  flow  proceeds  to 
several  ground  contact  points  independent  of 
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specimens 


Panel  BA -la 
Plias  12 


Low  level  current  level  (100%)  3.570  nmn* 

High  level  current  level  (500%)  13 ,000  amps 


Low  Level 


High  Level 


Term  1 


100 


100 


Current  Flow  in  Percent 


Term  2 


34.7 


38.4 


Term  3 


32;  5 _ I  32 


Term 


No  oscillogram 


.5 _ _ 


tween 

1-2 

1-3 

1-4 

Before  low  level 
current  in  lection 

1.57 

1.41 

1.49 

Between  low  and  high 

-1.15 

1.07 

1.18 

After  high  level 
current  in  lection 

46.800 

49.900 

Fig.  8  -  Panel  BA- la 


4^1 


whether  or  not  there  are  filaments  in  the 
direction  of  the  current  flow. 

CONCLUSIONS 

1.  Investigations  have  verified  that  the 
substitution  of  a  carbon  monofilament  for  the 
tungsten  wire  commonly  used  as  a  substrate 
for  the  manufacture  of  boron  filaments  does 
not  significantly  affect  the  damage  mechanisms 
or  threshold  of  damage  resulting  from  high 
intensity  electric  current  flow. 

2.  Electric  current  injection  tests  were 
performed  on  single  boron  filament*  that  were 
encapsulated  in  plastic  to  study  crack  fre¬ 
quency  as  a  function  of  the  severity  of  the 
current  injection.  At  ciamage  threshold  levels 
of  current  injections  the  radial  cracks  in 
boron  filaments  are  localized,  probably  in 
weaker  areas  of  the  filaments.  At  higher 
levels  the  radial  cracks  become  more  severe 
in  number  at  any  one  location  on  the  length  of 
filament  and  cracks  are  perpetuated  through¬ 
out  the  length  of  filament  so  exposed. 

3.  The  controlling  factor  in  the  degree 
of  degradation  for  the  boron  and  graphite  com¬ 
posites  is  the  total  energy  that  is  resistively 
dissipated  within  the  composites.  In  other 
words,  the  same  degree  of  degradation  can  be 
produced  by  low  current  amplitude,  long  dura¬ 
tion  current  waveform.,  an  was  produced  by 
very  high  current  amplitude,  snort  duration 
current  waveforms. 

4.  Studies  were  performed  with  boron 
and  graphite  composites  fabricated  using 
different  ply  filament  orientation  {0°  to  90°) 
which  -'triad  the  amount  of  fibers  in  the  direct 
current  flow  path.  For  boron  composites  it 
was  determined  that  the  electric  current  will 
flow  predominantly  in  those  fibers  that  directly 
connect  to  the  area  in  which  the  current  is 
introduced  into  the  panel.  For  graphite  com¬ 
posites  the  flow  was  independent  of  filament 
orientation  and  the  current  flowed  not  only  to 
those  areas  which  were  directly  linked  by 
conductive  fibers  but  also  to  those  areas  in 
which  there  was  no  direct  fiber  connection 
with  the  electrical  injection  sites. 
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ABSTRACT 

Boron-epoxy  and  grpphite -epoxy  composite 
materials  have  electromagnetic  shielding  capa¬ 
bilities  that  are  poorer  than  aluminum  by  sev¬ 
eral  orders  of  magnitude,  Measured  magnetic- 
field  attenuations  provided  by  0.120  inch  thick 
graphite-epoxy  ranged  from  6  dB  at  1  MHz  to 
20  dB  at  6  MHz.  Boron,  naving  higher  resis¬ 
tivity  than  graphite,  has  correspondingly  lower 
shielding  effectiveness.  Conductive  coatings 
used  for  lightning  protection  may  add  substan¬ 
tially  to  the  shielding  provided  by  a  composite 
material.  A  coating  of  silver  paint.  0,003" 
thick  raised  the  shielding  effectiveness  of 
0.040"  thick  graphite-epoxy  from  17  dB  to  25  dB 
at  20  MHz  while  a  coating  of  flame-sprayed 
aluminum  raised  the  effectiveness  of  0.083" 
boron-epoxy  from  about  6  dB  at  5  MHz  to  33  dB. 
None  of  the  painted  or  flame -sprayed  coatings 
however  approach  the  shielding  effectiveness 
of  a  metal  sheet  or  foil.  Aluminum  foil  only 
0.0016"  thick  provides  nearly  50  dB  of  shield¬ 
ing  rt  10  MHz.  An  implication  of  the  poor 
shielding  effectiveness  of  the  composite  mate¬ 
rials  is  that  os  composite  materials  replace 
aluminum,  the  electromagnetic  shielding  pro¬ 
vided  inadvertantly,  and  at  no  cost  or  weight 
penalty,  by  structural  designers  will  diminish. 
The  designers  and  users  of  electrical  and  avi¬ 
onic  equipment  in  aircraft  of  the  future  must 
assume  the  responsibility  of  shielding  against 
une  electromagnetic  effects  of  lightning  and 
assume  the  burden  of  justifyisig  the  resulting 
costs  and  weights. 

LIGHTNING  PROTECTION  of  aircraft  involves  not 
only  protection  against  the  direct  burning  and 
blasting  effects  of  lightning,  but  against  the 
electromagnetic  interference  associated  with 
lightning  as  well. 

Electromagnetic  interference  is  perhaps  too 
mild  a  term  to  use  ir.  connection  with  lightning. 
Electromagnetic  damage  potential  is  perhaps  a 
more  valid  term.  Control  of  the  electromagnetic 
damage  potential  associated  with  lightning  is 
a  many-sided  problem.  Some  key  questions  are: 

(1)  What  electromagnetic  threat  level  is 
presented  to  an  airplane  by  a  lightning  stroke? 

(2)  What  shielding  is  provided  against  the 
electromagnetic  fields? 

(3)  What  kind  of  surge  voltages  and  cur¬ 
rents  are  produced  on  aircraft  electrical  sys¬ 
tems? 

(4)  What  is  the  vulnerability  of  a. ionic 
equipment  -,o  the  fields,  voltages  and  currents 
associated  with  a  lightning  strike? 

This  paper  dealB  with  the  second  question 
above.  It  is  prompted  by  the  observation  that 


the  newer  composite  materials  have  much  lee- 
electromagnetic  shielding  capability  than  the 
historically  used  aluainum.  Increasing  use  of 
composite  materials,  coupled  with  increasing 
susceptibility  and  vulnerability  of  avionic 
equipment  implies  the  potential  for  severe  haz¬ 
ards  in  the  future. 

During  a  series  of  tests,  investigating 
further  the  mechanism  of  damage  to  composite 
materials  in  the  event  of  a  lightning  flash,  a 
number  of  boron-epoxy  ard  graphite-epoxy  test 
panels  of  various  thicknesses  and  coatings  were 
available.  A  number  of  these  were  tested  for 
their  eleotromr^nstic  shielding  capability, 
both  under  high  leve?  pulse  conditions  and  un¬ 
der  low  level  CW  conditions. 

PULSE  MEASUREMENTS  OF  SHIELDING  FACTORS 

The  original  goal  during  thir  program  was 
to  measure  electromagnetic  fields  at  points  on 
the  back  side  of  the  composite  sheets  during 
the  high  current  tests  on  the  panels  and  to  re¬ 
late  these  measurements  to  the  intrinsic  shield¬ 
ing  effectiveness  of  the  panels. 

The  idea  proved  not  to  be  as  attractive  as 
it  originally  seemed.  Measurements  of  shield¬ 
ing  factors  obtained  with  continuous  wave  (CW) 
test  techniques  yielded  more  useful  data.  Nev¬ 
ertheless,  some  interesting  data  wes  obtained 
under  high  current  pulse  conditions. 

The  principle  of  measurement  involved 
measuring  the  magnetic  field  produced  inside  a 
steel  tank  (29  inches  diameter,  38  inches  high) 
by  the  flow  of  current  across  an  opening  in 
the  top  of  the  tank. 

The  composite  panel  under  test  was  placed 
over  the  opening  in  the  top  of  the  tank  and  a 
magnetic  field  produced  by  e  high  cur¬ 
rent  discharge  circulated  through  a  one-turn 
loop  two  feet  in  diameter  and  one  foot  above 
the  panel. 

The  magnetic  field  produced  by  the  flow  of 
current  through  the  loop  was  measured  by  a 
field  sensor  consisting  of  three  orthogonally- 
mounted  loop  antennas,  each  of  two-inch  diame¬ 
ter  and  wound  with  10  turns.  A  changing  mag¬ 
netic  field  inside  the  tank  would  induce  in 
these  loops  signals  proportional  to  the  time 
rate-of -change  of  the  field,  the  output  from 
each  coil  being  proportional  to  the  vector 
component  of  the  field.  The  outputs  of  the 
coils  were  coupled  to  three  identical  inte¬ 
grating  amplifiers,  the  outputs  of  which  were 
thus  proportional  to  the  H-field  inside  tie 
test  enclosure.  The  coils  were  placed  1  foot 
below  the  panel. 

The  surge  current  was  produced  by  the  dis¬ 
charge  of  a  54  Mf,  50  KV  capacitor  bank.  The 
current  was  oscillatory  with  a  period  of 
2,75  ms,  corresponding  to  a  frequency  of 
36.4  kHz.  Currents  ranged  from  43  kA,  (kilo- 
amperes)  to  130  kA,  producing  ambient,  fields 
inside  the  test  enclosure  (no  vest  panel  in 
place)  of  130  A.TAl  (ampere  turns  per  meter)  to 
440  K.l/U. 

The  panels  tested  were  graphite-epoxy, 


306 


circular  in  shape  (13  inches  diameter)  and 
either  0.040"  (4  ply)  or  0.120"  (16  ply) 
thick.  The  Materials  were  Union  Carbide 
Thomel-50  graphite  yarn  and  Union  Carbide 
Bakelite  ERJA.  2256  resin.  Panels  were  either 
uncoatec  or  coated  with  silver  paint  of  about 
0.003"  thickness.  Test  results  are  given  in 
Table  1. 

The  panels  provided  very  little  shielding, 
0.5-1. 5  d3.  A s  a  comparison  a  thin  sheet  of 
aluminun  foil  of  0.0016"  thickness  provided 
over  20  dB  shielding. 

CONTINUOUS  WAVE  MEASUREMENTS  OP  SUUIBJNG 
FACTORS 

The  best  dat£  '■hielding  effectiveness 
of  tve  composite  Mate:  t&^s  was  obtained  with 
CW  m  d/5U!  emenir .  The  .  aasureroent  technique ^ 
employed  was  cne  describ  d  by  Eckersley  (1)  . 

The  principle  of  .Teasure.'Dent  is  shown  on 
Figure  1.  A  constant  current  was  maintained 
in  a  transmitting  loop  while  a  receiving  loop 
was  connected  to  a  detector.  The  relative 
readings  of  the  detector  with  and  without  a 
test  spec  imen  between  the  loops  was  related 
to  the  shielding  effectiveness  oi  the  specimen. 
For  aost  metallic  materials  a  ground  on  each 
coil  3s  sufficient  to  prevent  electrostatic 
pickup  eni  erroneous  measurements.  With  these 
nonrastallic  materials  it  was  found  that  a  sin¬ 
gle  grouni  on  each  coil  was  rot  sufficient,  and 
that  each  coil  had  to  be  completely  screened 
to  prevent  errors  due-  to  electric-field  coup¬ 
ling  through  the  material.  This  alone  was  a 
measure  cf  the  poor  shielding  effectiveness  of 
these  materials,  since  ever,  the  thinnest  sheet 
of  metal  provides  almost,  complete  shielding 
against  e  high  impedance  electric  field  if  it 
is  well  grounded  The  transmitting  and  re¬ 
ceiving  coils  were  identical,  each  consisting 
of  25  turns  woun'  on  an  0.75  inch  diameter  coil 
fora. 

The  transmitting  coil  was  excited  with  an 
oscillator  and  wideband  amplifier,  creating  e 
magnetic,  field  (H-Field)  between  the  transmit¬ 
ting  and  receiving  coils,  thereby  producing 
a  voltage  across  ihe  receiving  coil.  The  re¬ 
ceiving  coil  was  connected  by  coaxial  cable  tc 
a  Tektronix  1A1  plug-in  mounted  in  e  Tektronix 
Type  547  oscilloscope,  which  served  as  a  de¬ 
tector. 

The  procedure  was  to  estaolish  at  a  speci¬ 
fic  frequency  an  ambient  voltage  level,  es  read 
on  the  oscilloscope,  with  the  coils  coaxial  and 
the  test  pane?  absent.  It  was  important  that 
the  distance  between  the  coils,  with  and  with¬ 
out  the  composite  sample  in  place  be  the  same, 
since  the  energy  coupled  between  two  coils  at 
close  apacinga  varies  inversely  as  the  cube  of 
the  distance  between  them. 

The  current  in  the  transmitting  coil  was 
kept  constant  during  the  tests,  and  was  moni¬ 
tored  using  a  Tektronix  Type  131  current  probe. 
A  change-  in  current  in  the  transmitting  coll 
could  be  caused  by  reflection  of  part  of  the 
created  H-field  back  to  the  transmitting  coil 


when  the  test  panel  is  placed  between  the  two 
coils.  This  change  in  Current,  I,  would  change 
the  amoient  voltage  level  and  an  error  would 
result  in  measurement  and  subsequent  attenu¬ 
ation  calculation. 

The  amount  of  H-field  attenuation  af¬ 
forded  by  the  shielding  proporites  of  the  com¬ 
posite  material  was  calculated  by; 

V, 

Attenuation  =  20  log  —  (1) 

*2 

where  Vp  is  the  ambient  voltage  reading  and  V2 
is  the  voltage  reading  on  the  oscilloscope 
witn  the  composite  material  placed  between  the 
coxls.  The  energy  transfer  between  two  close- 
ay  spaced  loops  was  primarily  a  condition  of 
magnetic  coupling,  and  thus  the  attenuation 
values  measured  in  this  fashion  are  applicable 
chiefly  when  the  shield  material  is  to  be  used 
against  low  impedance  or  predominately  magne¬ 
tic  field  s. 

To  avoid  fringing  effects  the  receiving 
coil  was  placed  in  a  metal  enclosure  and  dur¬ 
ing  tests  the  composite  test  panel  was  placed 
over  an  opening  in  the  top  of  the  metal  enclo¬ 
sure. 

An  initial  series  of  measurements  was 
made  on  four  materials; 

(1)  0.125"  thick  aluminum  plate 

(2)  0.0016"  tnick  aluminum  foil 

(3/  .0625"  mesh  bronze  screen 

(4;  a  boron-epoxy  laminate 

As  might  be  expected,  the  laminated  mate¬ 
ria]  produced  little  electromagnetic  shielding. 
The  measurements  on  the  o„her  materials  show 
seme  anomalies,  the  shielding  effectiveness 
not  increasing  uniformly  with  frequency.  It 
was  these  anomalies  that  led  to  the  conclusion 
that  the  transmitting  and  receiving  coils  had 
to  be  well-shielded.  While  the  absolute  ac¬ 
curacy  of  the  data  of  Figure  2  is  questionable, 
it  does  indicate  the  relative  shielding  effec¬ 
tiveness  that  may  be  expected  from  some  repre¬ 
sentative  materials. 

Once  the  measurement  technique  was  de¬ 
bugged,  measurements  were  made  on  the  following 
types  of  composite  materials: 

(1)  13"  diameter  graphite  panels  with  no 
protective  coating  -  0.040"  and  0.120"  thick¬ 
ness. 

(2)  13"  diameter  graphite  panels  with 
silver-paint  coating  -  0.040"  and  0.120"  thick¬ 
ness. 

(3)  6"  x  12"  rectangular  graphite  panels 
with  black  carbon  coating  -  one  thickness  - 
0.083". 

(4)  6"  x  12"  rectangular  grephile  panels 
with  black  carbon  coating. 

(5)  6"  x  12"  rectangular  boron  panels 
with  black  carbon  coating. 

(6)  6"  x  12"  rectangular  graphite  panels 
with  silver-paint  coating. 

••NunDers  in  parentheses  designate  References 
at  end  of  paper. 
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FIGURE  I -TEST  SETUP  FOR  SHIELDING  EFFECTIVENESS  TESTS 
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Table  1  -  H-Field  Shielding  Factor  Measurements  Using  a  Damped -Oscillatory  of  36.4  kH2 


Thickness 


Coating 


Current 

Level 

— & _ 


Ambient 

Field> 

JcUlL- 


0°-45°-90°  p)y  lay-up.  All  other  panels  were  0°-90°  lay-up. 


Absolute 

Field 

a.t/m 


Shielding 
dB _ 


S- 

.040 

none 

43.4 

130 

120 

0.7 

1 

.040 

none 

84.4 

241 

227 

0.5 

s; 

1 

.040 

none 

130 

360 

348 

0.3 

.040 

silver  paint 

84.4 

241 

227 

0.5 

P 

|2 

.040 

silver  paint 

84.4 

241 

226 

0.5 

i 

.040 

silver  paint 

84.4 

241 

221 

0.5 

1 

.040 

silver  paint 

84.4 

241 

227 

0.5 

& 

i 

.040 

silver  paint 

130 

360 

336 

0.6 

At 

** 

t 

.120 

silver  paint 

101 

440 

384 

1.2 

.120 

none 

102 

440 

373 

1.4 

£ 

I 

.120  * 

none 

102 

440 

388 

1.1 

s- 

.120  * 

none 

107 

418 

385 

0.7 

§ 

.120 

silver  paint 

107 

418 

378 

0.9 

1 

.120 

silver  paint 

107 

418 

378 

1.1 

1- 

1.6  mil 

aluminum  foil 

130 

360 

16.5 

26.8 

jpt 

i 

1.6  mil  aluminum  foil 

107 

418 

32 

22.8 

310 


■  _  fcfe- 


(7)  6"  *  12"  rectangular  boron  panels  with 
silver-paint  coating. 

(8)  6"  x  12"  rectangular  graphite  panels 
with  flame-sprayed  aluminum  coating. 

(9)  6"  x  12"  rectangular  boron  panels  with 
flame-sprayed  aluminum  coating. 

The  results  of  the  measurements  are  shown 
on  Figures  3  and  4.  Strictly  speaking,  the 
datn  is  valid  only  for  the  coil  spacing  used  in 
these  tests  since  the  coil  spacing  effects  the 
impedance  of  the  magnetic  field  and  the  shield¬ 
ing  is  determined  in  part  by  the  impedance  mis¬ 
match  between  the  field  and  the  shielding  mate¬ 
rial.  However,  implications  of  the  data  are 
quite  clear. 

ll)  The  shielding  effectiveness  of  both 
graphite-epoxy  and  boron-epoxy  materials  is 
much  less  than  an  equivalent  thickness  of  alu¬ 
minum. 

(2)  A  thin  piece  of  aluminum  foil  has  much 
greater  shielding  effectiveness  than  even  a 
0.120"  panel  of  graphite-epoxy. 

(3)  Graphite-epoxy,  by  virtue  of  its  high¬ 
er  conductivity,  provides  more  effective  shield¬ 
ing  than  does  boron-epoxy. 

(4)  The  conductive  coatings  likely  to  be 
needed  for  control  of  the  direct  burning  and 
blasting  effects  of  lightning  will  probably 
have  more  effectiveness  as  electromagnetic 
shields  than  do  the  composite  materials  they 
protect. 

(5)  Measurements  made  at  high  field  condi¬ 
tions  at  a  frequency  of  35  kHz  are  in  agree¬ 
ment  w?.th  the  CW  measurements  made  at  low  lev¬ 
els. 

Some  other  observations  on  test  results 
that  arc  not  readily  apparent  from  the  above 
data  are; 

(1)  In  no  case  did  panel  orientation  or 
ply  lay-up  seem  to  affect  the  test  data. 

(2)  During  the  high  field  tests  made  with 
the  surge  generator,  there  did  not  appear  to 
be  any  non-linearities  due  to  differences  in 
field  level.  The  measured  attenuations  were 
quite  small  however,  and  any  non-linearities 
would  have  been  hard  to  detect. 

Apparently  there  is  sufficient  contact 
between  the  fibers  in  the  different  plies  that 
affective  contact  is  made  between  plies,  in 
spite  of  the  fact  that  the  individual  fibers 
are  held  together  by  nonconductive  epoxy  binder. 

Our  measurements  of  shielding  effective¬ 
ness  of  panels  covered  with  flame-sprayed  alu¬ 
minum  indicated  that  most  of  the  shielding  came 
from  the  aluminum.  Values  of  16  dB  and  20d3 
were  measured  at  0.5  MHz  and  1.0  MHz  for  .083" 
boron  with  a  coating  of  flame-sprayed  aluminum. 
The  thickness  of  the  aluminum  on  the  particular 
panel  under  test  wes  not  known,  but  on  two 
other  panels  the  aluminum  was  between  0.010  and 
0.020"  thick.  Eckersley  (1)  measured  shielding 
factors  of  3o,  37  and  43  dB  at  0.5  MHz  for  a 
5,  10  and  20  mil  thickness  of  aluminum.  Appar¬ 
ently.  the  electrical  contact  between  the  parti¬ 
cles  of  aluminum  was  not  as  good  as  that  used 
by  Eckersley, 


COMPARISON  WITH  OTHER  INVESTIGATIONS 

Similar  measurements  of  shielding  effective¬ 
ness  of  boron  and  graphite  composite  materials 
have  also  been  made  by  Schulz  (2).  His  data 
As  in  general  agreement  with  the  data  obtained 
during  this  study.  An  excerpt  of  hiB  data  is 
presented  in  Figure  5.  His  data  covers  the 
range  10-500  MHz  and  thus  complements  the  pre¬ 
vious  data,  extending  it  to  higher  frequencies. 
The  agreement  is  quite  good.  He  observed 
shielding  factors  in  the  range  of  16  dB  for 
.0375"  thick  graphite  and  30  MHz  whereas,  we 
observed  17  dB  at  20  MHz  on  0.040"  graphite . 

He  observed  about  3  dB  on  0.105"  thick  boron 
at  30  MHz  whereas,  we  observed  about  16  dB  on 
0.083’’  boron  with  a  black  caibon  coating  at 
20  MH".  He  also  observed  that  panels  with  al- 
U=i nating  ply  lay-ups  gave  significantly  bet¬ 
ter  shielding  performance  than  a  panel  with 
all  fibers  arranged  in  parallel;  a  configura¬ 
tion  we  did  not  study.  This  is  an  indication 
that  there  is  generally  good  contact  between 
the  plies  in  the  different  layers. 
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FIGURE  3  -  SHIELDING  FACTOR  MEASUREMENTS  ON  13-INCH  DIAMETER  GRAPHITE  PANELS. 
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FREQUENCY  -  MEGAHERTZ 

FIGURE  4 -SHIELDING  FACTOR  MEASUREMENTS  ON  6"  x  12"  GRAPHITE  AND  BORON  PANELS. 


FIGURE  5 -SHIELDING  EFFECTIVENESS  OF  COMPOSITE  MATERIALS 


New  Developments  in  Lightning  Protective 
Coat.ngg  for  Advanced  Structural  Composites 

Dr.  John  Cuinlivan,  The  Boeing  Company 
Mr,  T.  H.  Weaver,  Air  Force  Materials 
Laboratory 

ABSTRACT 

Light  weight  coatings  and  coating  systems 
have  been  developed  with  improved  capabilities 
comp  .red  to  the  currently  available  metal  foil 
and  condi:<  t»ve  paints  for  protecting  boron- 
filament  and  graphite-fiber  reinforced  p'as- 
tic  composites  from  structural  damage  by 
simulated  lightning  strikes.  These  coatings 
were  200  x  200  meth  aluminum  wire  fabric, 

120  x  120  mesh  aluminum  wire  fabric  and  a 
coating  containing  aluminized  glass  filaments. 
These  coatings  all  use  a  continuous  metal 
member  as  the  protective  element.  Each  of 
these  was  found  capable  of  preventing  any 
mechanical  damage  10  the  composite  at  the 
100-kA  test  .evel.  Very  local  and  minor  dam¬ 
age  was  freauently.  but  not  always,  detected 
after  2.00-kA  testing.  Where  there  is  damage, 
it  is  restricted  to  a  small  area  and  can  be 
easily  repaired. 

BORON- FILAMENT-  and  graphite-fiber-rein- 
forced  plastics  exhibit  entirely  different  be¬ 
havior  from  their  aluminum  counterparts 
when  struck  by  lightning.  Techniques  em¬ 
ployed  to  protect  conventional  aluminum  air¬ 
craft  and  their  dielectric  components  are  not 
directly  applicable  to  advanced  composite 
structures.  The  conductive,  tungsten- rich 
core  of  the  boron  filament  and  the  inherent 
conductivity  of  the  graphite  fiber  render  their 
reinforced  plastics  dielectrically  inhomo¬ 
geneous.  \s  a  result,  these  plastics  require 
some  form  of  lightning  protection. 

The  Air  Force  Materials  Laboratory, 
under  contract  to  The  Boeing  Company,  init¬ 
iated  a  program  to  develop  lightning  discharge 
protective  coatings  for  application  tc  external 
surfaces  of  boron  and  graphite  fiber  reinforced 
plastic  aircraft  structural  components  that 
had  superior  performance  and  fabricability 
to  the  aluminum  foil  and  silver  paint  which 
were  then  considered  "state-of-the-art".  The 
goals  of  the  program  v-ere  to  develop  light 
weight,  easily  applied,  environmentally  re¬ 
sistant  coating  systems  which  would  protect 
boron  and  graphite  fiber  reinforced  plastics 
from  serious  structural  damage  when  struck 
by  simulated  lightning  having  peak  currents 
as  high  as  200,000  amperes  and  charge  trans¬ 
fers  as  high  as  200  coulombs. 


Selected  coating  systems  were  applied 
to  boron-filameut-a.id/or  graphite-fil  er- rein¬ 
forced  epoxy  laminates.  The  coated  panels 
were  exposed  to  the  required  adverse  environ¬ 
ments  (if  any)  and  subjected  to  artificial 
lightning  discharges.  The  performance  of 
the  coating  system  was  determineu  u<  "isual 
damage  analysis,  microscopy,  and  the  resi¬ 
dual  mechanical  properties  of  the  composite. 
Successful  coating  systems  were  subjected  to 
lightning  restrikes  to  provide  additional  data 
and  greater  conftcence  levels  for  the  coating 
systems . 

COATING  DEVELOPMENT 

reinforced  plastic  substrates  - 

The  boron  filaments  were  manufactured  by 
the  Hamilton  Standard  Division  of  United  Air¬ 
craft  Corporation.  The  filaments  were  im¬ 
pregnated  with  a  high-temperature  epoxy  re¬ 
sin  by  the  Minnesota  Mining  and  Manufactur¬ 
ing  Co,  ,  and  marketed  under  the  designation 
"Scolchply"  SP-?72.  Two  forms  of  impreg¬ 
nated  tape  werc  Used-  one  employed  a  style 
104  glass  3crim  carrier,  the  other  did  not. 

The  graphite  fibers  were  manufactured 
by  the  Union  Carbide  Corporation  The 
Thornel  '  OS  graphite  yarn  was  impregnate^ 
with  WRD  1004,  an  epoxy  resin,  by  the 
Research  and  Development  Division,  Whitta¬ 
ker  Corporation.  Thornel  50  fibers  were  im¬ 
pregnated  with  BP  907  epoxy  resin  (American 
Cyanamid  Corporation). 

Test  Panels  -  The  boron-filament-and 
graphite-fiber- reinforced  laminates  con¬ 
sisted  of  several  plies  in  an  alternating  0  - 

90  orientation.  The  boron-filament- rein¬ 
forced  laminates  were  constructed  symmetri¬ 
cally  about  the  center  ply,  with  the  glass  car¬ 
rier  fabric  (if  any)  providing  the  outer  sur¬ 
faces,  Generally,  the  laminates  were  five 
plies  thick,  A  few  14-ply  laminates  were 
prepared  for  special  testing.  The  test  pan¬ 
els  varied  in  size  from  6-  by  l?.-in.  to  >  2- 
by  1  2-in. 

Unidirectional  and  bidirectional  lami¬ 
nates  were  specially  fabricated  tor  control 
tensile  ttst  data.  The  unidirectional  lami¬ 
nates  were  seven  piies  and  the  bidirectional 


laminates  ware  five  plies.  The  doublers 
were  prepared  from  four  plies  of  Narmco 
551-181  and  were  bonded  to  laminates  using 
an  oven  cure  (90  min  at  260°F)  under  vacuum 
bag  pressure.  Surface  preparation  of  the 
laminate  included  scouring  with  Scotch-brit* 
followed  by  MEK  wipe.  The  laminate  plate 
with  the  four  bonded  doubler  strips  was  cut 
into  1/2  in. -wide  specimens  using  a  diamond 
cutoff  wneel  and  surface  grinding  technique^. 

The  boron-filament- reinforced  and 
Thornel  50-fibe:1- reinforced  composites  wer« 
autoclave  cured  in  accordance  with  standard 
techniques. 

COATINGS  -  This  paper  describes  the 
development  of  woven  wire  fabric  and  alumi. 
nieed  glass  coatings  for  utilization  as  pro¬ 
tective  coatings  for  lightning  strike  protec¬ 
tion  of  structural  reinforced  plastics. 

Wire  Fabrics  -  Woven  wire  fabric  was 
purchased  from  Pacific  Wire  Products  Com. 
pany.  The  pertinent  fabric  parameters  are 
as  follows: 

Fabric  Mesh  Density  Wire  Diameter  (in) 

Aluminum  120  x  120  0.004 

Aluminum  200  x  200  0.0021 

Figure  1  shows  a  200  x  200  woven  wire  fat*-ic. 

These  fabrics  were  integrally  bonded  to  the 
composite  substrates  during  laminate  manu. 
facture. 

It  was  necessary  to  add  resin  to  the  larpi- 
nates  to  ensure  proper  resin  flow  and  encapsu. 
lation  of  the  fabric,  inis  was  accomplished 
either  by  impregnating  the  fabric  with  BP  9o7 
laminating  dispersion  or  by  adding  sufficient 
unsupported  BP  907  adhesive  film.  Addition- 
al  resin  was  not  necessary  for  proper  part 
manufacture  with  Thornel  50S/1004  when  thc 
200  by  200  mesh  fabric  whs  used.  Sufficient 
resin  flowed  from  the  composite  into  the  mesh 
to  encapsulate  the  coating  fully  and  provide  3 
smooth  exterior  panel  surface. 

The  layup  procedure  for  integral  bonding 
was  to  apply  the  resin-impregnated  wire  fab- 
ric  coating  to  the  tool  side  of  the  part.  The 
required  number  of  prepregs  of  the  high  mod'*' 
lus  material  was  laid  against  the  wire  fabric 
coating.  Standard  layup  techniques  were  used 
in  fabricating  the  reinforced  composite  test 
panels  for  autoclav*  curing.  The  cure  cycle 
(temperature-time)  was  adjusted  according 
to  panel  thickness  and  the  heat-up  rate  char, 
acteristics  of  the  tool. 

Aluminized  Glass  Filaments  -  Aluminized 
glass  filaments  were  obtained  from  the  Lundy 
Technical  Center,  Lundy  Electronics  and 
Systems,  Inc.  The  filamertB  were  furnished 


on  commercial  textile  cor.es  containing  20- 
filament  strands.  Two  types  of  material 
were  obtained.  In  one,  all  ?0  filaments  were 
metallized:  in  the  other,  only  7  (of  ?0)  were 
metallized.  The  filament  consists  of  a  metal 
ttiread  bonded  to  a  glass  thread,  as  shown  in 
Figure  2.  Each  thread  is  approximately  0.  5 
mil  diameter.  The  filament  uses  the  alumi¬ 
num  thread  for  electrical  conductivity  and  the 
glass  thread  for  mechanical  strength. 

Unidirectional  layers  of  aluminized 
glass  filaments  were  prepared  by  two  pro¬ 
cedures: 

a.  The  filaments  were  wound  into  a  sin¬ 
gle  layer  of  BP  907-impregnated,  style  104 
glans  cloth  (224  strands  per  inch) 

b.  The  filaments  were  wet  wound,  im¬ 
pregnating  them  with  BP  907  epoxy  resin 
(448  strands  per  inch). 

Using  the  partially  metallized  strands, 
the  two  layers  contained  155,  and  3100  con¬ 
ductive  filaments  per  inch,  respectively. 

The  scrim-contaming  layer  has  a  cured  thick¬ 
ness  of  3.6  mils  per  ply,  of  which  approxi¬ 
mately  1  mil  is  tht  ferim  cloth.  A  single  ply 
weighs  4.5  lb/100  sq.  ft.  No  fabrication  dif¬ 
ficulties  were  encountered  with  this  material. 

The  fully  metallized  strands  were  pre¬ 
pared  by  wet-winding  techniques  only.  These 
layers  contained  4480  or  9060  conductive  fila¬ 
ments  per  lineal  inch.  The  cured  layers 
were  approximately  2,3  and  3.6  mils  thick 
and  weighed  2,  2  and  3.6  lb/100  sq  ft/ply, 
respectively.  The  different  cure  schedules 
for  boron  and  graphite  did  not  change  these 
properties. 

ENVIRONMENTAL  PAINT  COATINGS  - 
Primer  coating  for  environmental  paint 
coatings  was  P-148,  a  product  manufactured 
by  Andrew  Brown  Company,  and  qualified  to 
MIL-P-7962B.  The  lacquer  topcoat  was 
qualified  to  MIL-L-19537C  and  manufactured 
by  :iie  same  company.  The  materials  were 
applied  per  specification,  except  that  the  pre- 
trestment  coating  MJL-C-8514  was  not  ap- 
p!i<-d. 

ENV1RONMENTAL  TESTS  -  Coated  and 
uncoated  boron-filament-  and  graphite-fiber- 
reinforced  laminates  were  exposed  to  the 
following  environments: 

a.  1  40  F  and  100%  relative  humidity 

b.  Salt  spray  (3%  NaCl) 

c.  Immersion  in  hydraulic  fluid 
(Skydrol  500A) 

d.  Immersion  in  jet  fuel  (JP-4) 

e.  We&ther-O-Meter  (FED-STD-141 , 
method  61  52) 

Upon  completion  of  these  exposures,  the 
samples  were  removed  and  subjected  to 
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Aluminized  Glass  Filament  (900  X) 
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Aluminized  glass  filament  (X°00) 
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simulated  lightning  discharges  to  determine 
if  the  environmental  exposure  altered  the 
lightning  protective  qualities  of  the  coatings, 

In  general,  the  coatings  were  not  visibly 
altered  by  any  of  these  environments,  and  all 
tests  except  salt  spray  were  discontinued 
after  30  days’  exposure, 

LIGHTNING  TESTS 

LIGHTNING  TEST  APPARATUS  -  Past 
studies  have  shown  that  the  damage  ir.roduced 
by  a  natural  lightning  stroke  is  composed 
primarily  of  two  parts:  a  high-current  com¬ 
ponent,  which  causes  thermal  and  electrical 
heating  damage.  The  high. current  discharge 
is  usually  a  crest  current  with  a  peak  rmpli- 
tude  from  10  to  200  kA  and  a  pulse  duration 
of  up  to  approximately  50  pa.  A  high-oou- 
lomb  component  is  usually  a  long-duration, 
low-amplitude  current  component  (a  few 
hundred  milliseconds’  to  a  few  seconds’  dura¬ 
tion  and  from  less  than  a  1  undred  amperes 
to  a  few  thousand  amperes). 

All  aspects  or  properties  of  natural 
lightning  cannot  be  simulated  in  the  laboratory 
due  to  limited  space  and  energy  available  as 
well  as  the  lack  of  a  complete  understanding 
of  a  lightning  stroke:  however,  for  the  pre¬ 
sent  study,  a  test  discharge  with  the  following 
requisite  characteristics  was  used: 

a  A  high-current  component  rising  from 
zero  to  a  crest  value  of  200-kA  in  i0  ps  and  a 
pulse  duration  of  20  ps  with  *50%  tolerance  on 
time 

b.  A  M1L-A-9094C,  type-C,  high-cou¬ 
lomb,  transfer  discharge  with  total  charge 
transfer  equal  to  or  exceeding  2.00  coulombs 
in  2  sec  or  has. 

For  the  initial  screening  of  candidate 
lightning  protective  coatings,  a  high-current 
component  rising  f  am  zero  to  a  crest  value 
of  100-kA  is  10  ps  and  a  pulse  duration  of  20 
ps  with  *50%  on  time  was  used.  Application 
of  this  moderately  severe  stroke  not  only 
screened  coating  candidates  for  further  inves¬ 
tigation  and  test  but  also  identify  protective 
coatings  which  would  be  adequate  for  areas 
requiring  only  secondary  protection  such  as 
the  zone  II  or  III  areas  of  an  airplane. 

The  laboratory  test  setup  is  shown  in 
Figure  3.  The  test  panel  was  clamped  to  an 
18-  by  18. in.  phenolic  panel  that  was  bolted 
to  the  Faraday  cage  and  was  electrically  iso¬ 
lated  *rom  the  cage  except  for  the  ground 
strap  clamped  to  one  end  of  the  panel.  This 
configuration  ensured  that  the  discharge  cur¬ 
rent  passed  through  the  maximum  available 
coating  surface  of  a  test  panel,  A  1/4  inch 


diameter  tungsten  probe  was  used  to  direct 
the  discha  rge  to  the  test  p,  .el  and  a  1  /4  in. 
gap  was  maintained  between  the  probe  and 
the  panel. 

’HIGH- CURRENT  GENERATOR  -  The 
energv  source  uaed  to  generate  a  100-kA 
crest  was  provided  by  a  42  pF  capacitor  bank 
with  a  positive-grounded  supply,  i.  e.  .  the 
discharge  probe  injected  discharging  electrons 
toward  the  test  panel  to  simulate  a  more  sev- 
severe  damage  situation  than  that  of  a  posi¬ 
tive  probe,  should  the  system  have  a  negative- 
grounded  power  supply.  The  capacitor  bank 
normally  produced  an  underdamoed  oscilla¬ 
tory  discharge.  An  improved  switching  tech¬ 
nique  was  developed  that  gives  reliable  200- 
kA  discharges  and  can  be  used  aa  a  unipolar 
trigger  for  high- coulomb  discharges. 

Oscillograph  displays  obtained  during  the 
testing  of  protective  coatings  for  both  100 
and  200-kA  discharges  are  shown  in  Figure  4. 
Some  oscillograph  traces  obtained  using  the 
ignitron  switch  are  also  displayed,  for  com¬ 
parison.  Note  that  the  coatings  on  the  test 
samples  are  low  impedance  and  present  *he 
moat  difficult  condition  for  obtaining  a  uni¬ 
polar  discharge. 

TWO- COMPONENT  GENERATOR  -  A 
block  diagram  of  a  two -component  lightning 
generator  is  shown  in  Figure  5.  The  high- 
current  component  generator  first  established 
an  arc  between  .he  discharge  probe  and  the 
test  item:  the  high- coulomb  component  gen¬ 
erator  then  followed  on  by  discharging  a  dc 
component  through  tne  established  ionized 
channel  to  the  test  panel.  The  charged  high- 
voltage  capacitor  bank  was  isolated  electri¬ 
cally  from  the  battery  bonk  by  switch  Sj . 
these  nigh-current  and  high-coulomb  com¬ 
ponents  were  isolated  transiently  from  each 
other  by  the  isolation  coil.  The  total  dis¬ 
cha.  ?e  was  terminated  by  opening  switch  S-r. 

Two  s30-V  battery  carts  were  used  for 
the  required  high-coulomb  component.  Each 
steel  cart  measured  73  by  49  in.  and  was  50 
in.  high,  had  36  automotive  batteries  (12V). 
and  a  total  weight  of  about  2200  lb.  With  a 
series  connection,  the  system  was  capable  of 
discharging  a  dc  level  up  to  700  A  and  main¬ 
taining  an  arc  with  a  gap  of  up  to  a  half  inch. 

The  development  of  a  series  fuse  switch 
allowed  high-couiomb  discharges  to  be  trig¬ 
gered  with  a  unipolar  high-current  discharge. 
This  was  possible  because  the  associated  cir¬ 
cuit  of  the  discharge  generator  with  the  ser¬ 
ies  fuse  had  no  shunting  components.  Fig¬ 
ure  6  shows  the  oscillograph  displays  of  the 
high-current  trigger  and  the  high-coulomb 
discharge  obtained  in  a  test  panel. 
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Schematic  diagram  of  two  component  generator 
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Fig.  6  High-currenv,  high-coulomb  oscillograph  t 


LIGHTNING  TEST  RESULTS 

HIGH-CURRENT  TESTS  -  Unprotected 
boron-filament-  and  graphite-fiber- '•einforced 
plastics  are  severely  damaged  by  high-cur¬ 
rent  flow  through  the  reinforcement.  In  bor¬ 
on-filament-reinforced  plastics,  the  current 
causes  the  filaments  to  crack  and  break.  This 
can  result  in  the  total  loss  of  useful  mechani¬ 
cal  strength.  Peak  currents  as  low  as  40-kA 
have  totally  destroyed  the  strength  and  rigid¬ 
ity  of  6-  by  12-5n. ,  five-ply  laminates.  Lar¬ 
ger  laminates  may  not  be  totally  destroyed  at 
this  current  level  but  suffer  significant  re¬ 
ductions  in  strength.  In  graphite-fiber- rein¬ 
forced  plastics.  Joule  heating  of  the  fiber 
causes  resin  pyrolysis  and,  eventually,  fiber 
destruction  by  a  mechanical  whipping  action. 
The  damage  is  less  widespread  than  that  of 
comparable  boron  composites,  however.  In 
both  composites,  the  damage  is  not  limited 
to  the  arc  contact  zone  but  travels  toward 
electrical  ground. 

Metal  Wire  Fabrics  -  Metal  wire  fabrics 
have  been  found  to  provide  excellent  pro' ac¬ 
tion  to  boron  and  graphite  fiber  plastics  from 
simulated  high-current  lightning  tests,  based 
on  laboratory  tests.  The  fabrics  possess  th- 
hand  and  drape  necessary  for  use  as  an  over¬ 
lay  on  complex  contoured  parts.  Addition¬ 
ally,  the  composite  matrix  fully  encapsulates 
the  fabric  and  protects  it  from  the  environ¬ 
ment.  A  wide  range  of  tests  have  found 
aluminum  wire  fabrics  very  resistant  to  en¬ 
vironmental  exposures  including  prolonged 
(90- day)  sal*  spray;  ?0-day  immersion  in  jet 
fuel,  hydi&uHc  fluid,  or  boiling  wate-; 
Weather-O-Meter  testing  (FED-STU-141 , 
merhod  65  52);  or  prolonged  exposure  to  hot, 
humid  (140°F,  100%  relative  humidity)  con¬ 
ditions.  Environmentally  exposed  laminates 
were  found  to  be  unchanged  when  compared 
with  unexpoeed  controls  ar.d  performed  equal- 
ly  well  when  subject  to  high-current  discharge. 
In  this  regard,  these  coatings  outperform 
others  since  most  other  coatings  are  suscep- 
tiblf  to  corrosion  as  determined  by  salt  spray 
exposure.  This  is  particularly  true  of  un¬ 
protected  metal  foils  which  suffer  txtreme 
corrosion.  Resin  encapsulated  wire  fabrics 
are  protected  from  the  corrosive  action  of 
this  environment  by  the  resin.  Since  bare 
metal  is  not  exposed  to  the  environment,  cor¬ 
rosion  is  retarded. 

In  this  program,  aluminum  wire  fabrics 
were  found  to  provide  the  best  combination  of 
lightning  protection,  light  weight,  environ¬ 
mental  resistance  and  ease  of  application. 

For  200  by  200  mesh  woven  aluminum  wire 


fabric,  the  area  den  (y  of  0.019  lb/sq  ft. 

A  120  by  120  meph  fabric  has  an  area  density 
of  0.042  lb/sq  ft.  The3e  weights  are  in¬ 
creased  to  0,  036  and  0. 072  lb/ so  f  1 ,  respec¬ 
tively,  ii  one  accounts  for  chs  resin  required 
for  encapsulation  of  the  fabric.  Some  weight 
saving  is  possible  by  employing  calendered 
wire  cloth.  This  „urv?s  to  reduce  the  thick¬ 
ness  of  the  cloth  by  flattening  the  intersec¬ 
tions  of  the  wires.  Weight  savings  occur  be¬ 
cause  less  resin  is  required  to  encapsulate 
the  flattened  mesh.  As  a  point  of  rffercnce. 
6- mil-thick  aluminum  foil  has  an  area  weight 
of  0.084  lb/ao  ft.  The  weight  j  of  environ¬ 
mentally  protective  topcoats  ur  adhesive  re¬ 
quired  for  bonding  the  foil  (or  fabric)  must 
be  added  to  these  figures. 

The  outstanding  performance  of  wire 
fabrics  as  lightning  protective  coatings  is 
due  to  their  use  of  the  skin  effect  for  electri¬ 
cal  conduction.  The  skin  area  of  a  200  by  200 
mesh  wire  fabric,  using  a  0. 0021-in.  -dia¬ 
meter  wire,  is  over  200  times  that  of  the 
area  actually  coated  by  the  fabrics.  Conse¬ 
quently,  the  fabric  is  highly  efficient  in  con¬ 
ducting  electricity  away  from  the  arc  contact 
zone.  This  fabric  has  been  found  capable  of 
withstanding  successive  100-kA  discharges 
at  the  same  location  with  little  visible  dam¬ 
age  to  the  fabric  and  no  reduction  in  the  mech¬ 
anical  strength  of  the  coated  laminate.  At 
the  200-kA  level,  the  only  significant  damage 
to  the  coated  boron  laminate  is  directly  under 
the  arc  contact  zone  and  the  residual  tensile 
strength  of  coupons  taken  directly  under  the 
arc  contact  sene  is  typically  80?- of  'he  panel 
average  (Figure  7).  The  residual  tensile 
strengths  of  graphite-fiber- reinforced  cou¬ 
pons  at  the  damage  zone  were  8  5%,  84%,  71  % 
and  89%  of  the  undamaged  values.  Of  tnese, 
only  the  lowest  was  satistica'ly  significant. 

Paint  coatings  can  be  expected  to  be  used 
cn  aircraft  structures  for  various  reasons, 
such  as  camouflage,  environmental  protec¬ 
tion  and  marking.  Paint  coatings 
over  the  200  x  200  mesh  wire  fabric  confined 
the  electrical  energy  (100-kA)  to  a  smaller 
surface  area  resulting  in  tn  increase  in  the 
amount  of  da  nage  to  the  coating  i.  e,  .  a 
greater  amount  of  wire  is  vaporized  or 
melted.  However,  composite  residual  ten¬ 
sile  strengths  are  unchanged,  indicating  little 
or  no  reduction  in  the  effectiveness  of  the 
lightning  strike  protective  coating.  At  the 
200-kA  test  current  level,  with  tne  painted 
lightning  strike  protective  system  over  gra¬ 
phite-fiber-reinforced  composites,  damage 
at  the  arc  contact  zone  is  visible  as  exposed 
resin-free  graphite  fibers.  These  are  visible 


324 


in  Figure  8,  Three  different  tests  of  two 
different  laminates  have  found  the  damage 
limited  to  the  1/2-to  1 -inch, -wide  arc  con¬ 
tact  rone.  With  boron-filament- reinforced 
laminates  (paint  over  wire  mesh  coating), 
the  damage  rone  is  limited  to  a  1-1/2-  to  2- 
in, -wide  area  which  is  readily  repairable. 

Heavier,  120  by  120  mesh  aluminum 
wire  fabric  also  provides  an  excellent  level 
of  lightning  protection.  Figure  9  depicts  the 
visual  results  of  a  boron  fiber  reinforced 
laminate  coated  with  120  by  120  mesh  wire 
fabric  after  exposure  to  203-kA  discharge. 
Slight  discoloration  is  noted  with  no  visual 
damage  to  che  substrate.  When  the  120  by  120 
mesh  wire  fabric  is  painted  and  exposed  to  a 
193-kA  discharge,  there  is  removal  of  the 
paint  with  some  aluminum  «viie  vaporization 
at  the  contact  point.  This  is  shown  in  Figure 
10.  Residual  mechanical  properties  indicated 
no  loss  of  strength  due  to  the  high-current 
exposure. 

Aluminized  Glass  Filaments  -  The  con¬ 
cept  of  electrically  conductive  coatings  using 
fine  'vires  as  the  current-carrying  member 
has  been  extended  through  the  use  of  alumi¬ 
nized  glass.  Unidirectional  layers  consisting 
of  several  thousand  conducting  members  per 
linear  inch  can  be  fabricated  using  current 
filament  winding  technology.  Model  studies 
use-'  copper  wires  as  the  conductive  fila¬ 
ment.  These  studies  found  it  necessary  to 
use  at  least  two  orthogonal  layers  to  provide 
siod  lightning  protection.  The  fact  that  the 
wires  were  electrically  insulated  from  one 
another  did  not  prevent  the  coatings  from  per- 
fo.ming  satisfactorily.  These  findings  were 
confirmed  with  aluminized  glass  coatings. 

Optimum  coatings  of  aluminized  glass 
used  two  layers  of  fibers.  The  fibers  in  each 
layer  were  aligned  in  one  direction  only,  and 
it  is  necessary  that  the  fibers  in  one  layer  be 
orthogonal  to  those  of  the  other  layer.  Ex¬ 
cellent  results  «vere  obtained  with  coatings 
containing  4500  aluminized  filamen.s  per 
lineal  inch  per  ply.  Two-ply  coatings  satis¬ 
factorily  protected  borcn-filament-reinforced 
composites  from  current  levels  as  high  as  180- 
to  190-kA,  None  of  the  coupons  cut  near  the 
arc  contact  zone  had  lost  mechanical  strength 
or  stiffness.  Four  plies  of  filaments  were 
required  to  protect  graphite-fiber- reinforced 
composites.  However,  they  did  not  prevent 
some  loss  of  tensile  strength  at  the  arc  con¬ 
tact  zone.  For  example,  the  contact  zone  had 
a  ^ensile  strength  of  14  ksi  in  panel,  while 
the  remainder  of  the  panel  averaged  99  ksi. 
Some  typical  results  with  this  type  of  coating 
are  shown  in  Figure  11. 


Aluminized  glass  filaments  provide  ex¬ 
cellent  high-current  protection  for  boron- 
filament- reinforced  plastics.  Coating  area 
weights  of  0.040  lb/sq  ft  (including  resin)  are 
easily  prepared  and  handled.  This  coating  is 
less  satisfactory  for  graphite-fiber- rein¬ 
forced  plastics  since  a  heavier  (0.080  lb/sa 
ft)  coating  weight  appears  to  be  required. 
Corrosion  may  be  a  problem  with  this  alumi¬ 
num-carbon  galvanic  couple  since  panels 
exposed  to  a  3%  salt  spray  for  30  days  under¬ 
went  severe  corrosion  especially  about  the 
edges.  Coatings  applied  to  boron-fiber-rein- 
forced  laminates  did  not  undergo  corrosion 
when  exposed  to  similar  conditions.  These 
differences  are  illustrated  in  Figure  12. 

HIGH-COULOMB  TESTS  -  High-coulomb 
tests  involve  long-duration,  high-tempera¬ 
ture  areas  that  can  cause  severe  burning  dam¬ 
age  to  both  aluminum  and  composites,  al¬ 
though  this  type  of  damage  is  frequently  Quite 
localized.  Nevertheless,  no  coating  can  with¬ 
stand  an  extremely  high  coulomb  test  when 
the  arc  is  confined  to  a  small  surface  area. 
The  coatings  burn  away  almost  immediately, 
and  the  arc  will  attach  itself  to  the  conductive 
panel.  Damage  then  propagates  toward  elec¬ 
trical  ground. 

Metal  Wire  Fabric  -  High-coulcmb  tests 
of  wire-fabric-coated  laminates  yielded  two 
types  of  results:  those  in  which  the  arc  at¬ 
tached  at  only  one  point  on  the  surface  and 
those  where  it  did  not.  In  the  latter  instances, 
little  or  no  damage  to  the  substrates  was  ob¬ 
served.  The  "wandering"  of  the  arc  was  un¬ 
predictable  but  occurred  most  frequently  with 
coated  boron-filament-reinforced  plastics. 

A  coating  of  200  bv  200  mesh  aluminum  wire 
fabric  with  an  underlayer  of  epoxy-resin-im- 
pregnated,  style  120,  glass  fabric  produced 
arc  wandering  at  a  test  level  of  232  C.  The 
result  for  boron  is  shown  in  Figure  13.  Re¬ 
sidual  tensile  tests  of  this  laminate  found  no 
damage,  nor  was  damage  observed  when  the 
substrate  was  graphite  (coulomb  transfer 
165  C),  The  presence  of  the  glass  fabric  in¬ 
sulating  layer  greatly  improved  the  perfor¬ 
mance  of  this  coat5ng  system. 

When  the  arc  did  not  wander  on  the  coat¬ 
ing  surface,  burning  damage  to  the  coating 
and  the  comnosite  substrate  occurred. 
Furthermore,  the  damage  to  five-ply  boron 
laminates  appears  to  be  linear  with  the  num¬ 
ber  of  coulombs  transferred.  Figure  14 
shows  the  relationship  between  the  size  of  the 
hole  and  the  test  level  in  coulombs  for  200 
by  200  mesh,  aluminum  wire  fabric  coated, 
boron-filament- reinforced  laminates.  The 
area  damaged  incrcaces  linearly  with  an 
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Boron-filament-reinforced  epoxy  laminate  coated  with  120  x  120 
mesh  aluminum  wire  fabric  after  exposure  to  203 -kA 
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Aluminum-vvire-fabric  coated  boron- fila ment- reinfo rcecl  epoxy 
after  exposiire  to  232  coulombs 


increase  in  the  test  level.  Residual  mechani¬ 
cal  properties  of  the  laminates  indicate  the 
damage  was  restricted  to  the  visible  burn 
areas.  Generally,  the  boundaries  of  the  burr, 
zone  were  quite  sharp. 

That  localized  damage  does  occur  with 
high-coulomb  tests  was  proven  with  flexural 
strength  tests  of  two  14-ply  laminates  coated 
with  200  by  200  mesh  and  120  by  120  alumi¬ 
num  wire  fabric.  The  data  are  given  in  Table 

1.  For  these  tests,  the  laminates  were  cut 
into  five  1-in.  wide  stripe,  labeled  1-  to  -5 
such  that  -1  and  -5  were  the  edge  strips,  -3 
was  the  center,  etc.  Each  strip  was  then  cut 
into  two  parts  with  the  parts  nearest  electri¬ 
cal  ground  labeled  -6  through  -10.  Thus,  -3 
and  -8  were  cut  from  the  center,  -5  and  -10 
from  the  right  edge,  etc.  The  coupons  were 
tested  per  ASTM  D790.  with  a  32-to-l  span- 
to  depth  ratio 

The  test  data  show  reduction  of  strength 
in  the  graphite-fiber- reinforced  laminate  only 
at  the  burn  center.  Even  between  the  burn 
center  and  electrical  ground  no  damage  was 
detectable.  The  boron-filament- reinforced 
laminate  was  undamaged  as  the  arc  wandered 
across  the  surface,  burning  the  coating  of  all 
specimens  except  -6  and  -7. 

Aluminized  Glass  Filaments  -  Very  simi¬ 
lar  behavior  was  observed  with  aluminized, 
glass-fiber-co&ted  laminates.  It  the  arc 
wandered,  little  or  no  damage  occurred.  If 
the  arc  attached  to  the  reinforcing  filaments, 
damage  occurred.  A  200-C  transfer  test  to  a 
two-ply  coating  H960  conductive  filaments  per 
inch)  burned  a  1-in. -diameter  hole  through 
the  boron-filament- reinforced  laminate  and 
caused  mechanical  damage  in  a  2-1  f?  in. -dia¬ 
meter  area.  Yet,  a  180-C  transfer  test  to  a 
similarly  coated  gr  pnite-fiber-reinforced 
laminate  caused  no  damage  as  the  arc  wand¬ 
ered  on  the  penel  surface.  Figure  15  shows 
the  results  for  high  coulomb  test  utilizing  the 
aluminized  glass  filaments.  This  series  of 
tests  incidates  that  localized  damage  caused 
by  the  high-coulomb  component  of  the  lightn¬ 
ing  stroke  will  occur  unless  the  arc  wanders 
or  sweeps  across  the  test  surface.  Since  the 
arc  would  be  expected  to  be  swept  to  some  ex¬ 
tent  across  the  surface  of  an  aircraft  in  flight, 
it  is  anticipated  that  the  in-flight  damage  would 
be  less  than  the  damage  in  laboratory  tests 
where  the  arc  remained  attached  at  one  point. 

CONCLUSIONS 


current  component  of  an  artificial  lightning 
stroke.  These  coatings  are:  200  by  200 
mesh  aluminum  wire  fabric,  120  by  120  mesh 
aluminum  wire  fabric,  ani  a  coating  contain¬ 
ing  aluminized  glass  filarr.ento. 

2.  These  coating  can  withstand  re¬ 
strikes  at  the  100-kA  test  level  with  no  coat¬ 
ing  repair  required.  At  the  200-kA  test 
level,  very  local  and  minor  damage  may  oc¬ 
cur  the  coating  and  the  coating  can  be 
easily  repaired. 

3.  The  wire  fabric  coatings  were  resis¬ 
tant  to  normal  aircraft  environments  includ¬ 
ing  salt  spray,  relative  humidity  and  fluid 
resistance.  In  general,  the  coatings  were 
not  altered  by  any  of  these  environments  and 
still  provided  satisfactory  lightning  protection 
to  the  composites  after  exposure. 

4.  The  coatings  were  successful  in  pre¬ 
venting  structural  damage  to  boron  and 
graphite  fiber  reinforced  plastics  at  currents 
as  high  as  200-kA.  In  some  of  the  tests  at 
200-kA  there  was  very  minor,  localized 
damage  at  the  point  of  stroke  attachment. 
Where  such  damage  did  occur,  it  was  limited 
to  an  area  of  the  order  of  one  inch  in  dia¬ 
meter,  which  would  be  about  the  same  size 
of  damaged  area,  as  aluminum  sheet  of  the 
same  thickness  exposed  to  the  same  current 
level. 


1.  Several  improved  lightweight  coatings 
were  developed  to  protect  boron  and  graphite- 
reinforced  plastic  composites  from  the  high- 
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Fig,  15  Aluminized,  glas*1'  coated,  graphite  3  poxy  laminate  after  exposure 
to  194-kA  and  180  coulombs 
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(140-C  test  level) 


Graphite  reinforcement 
(206- C  test  level) 
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ABSTRACT 

Boron  and  graphite  epoxy  composite  aircraft  structures 
are  vulnerable  to  lightning-strike  damage.  Douglas  has  taken 
a  new  approach  to  develop  appropriate  lightning  protection 
techniques  for  these  structures,  based  on  the  zonal  lightning 
protection  design  concept.  An  extensive  research  program 
has  been  carried  out  to  investigate  lightning  protection 
techniques  for  composite  structures  located  in  the  Zone  2, 
swept-stroke,  and  restrike  areas.  A  series  of  lightning  tests 
was  conducted  on  4-  by  8-foot  panels  and  test  results 
indicated  that  the  dielectric  shielding  technique  can  be 
utilized  to  provide  adequate  lightning  protection. 

SIGNIFICANT  WEIGHT  SAVING  can  be  realized  by 
substituting  boron  and  graphite  epoxy  composite  materials 
for  conventional  metals  in  certain  structural  elements  of 
aircraft.  However,  these  materials  are  ncl  electrically  or 
thermally  as  conductive  as  conventional  metals,  and  labora¬ 
tory  test  results  have  indicated  that  lightning  strikes  can 
seriously  degrade  the  structural  integrity  of  parts  made  of 
these  composite  materials. 

In  1970,  Douglas  made  an  overview  of  all  lightning  and 
static  electricity  related  problems  associated  with  the  use  of 
boron  and  graphite  epoxy  composite  structures  in  aircraft 
(1)*.  This  study  indicated  that  various  types  of  lightning 
protection  methods  should  be  developed  for  this  type  of 
structure  so  that  they  can  be  efficiently  used  in  the  various 
regions  of  aircraft.  The  lightning  protection  design  require¬ 
ments  for  this  type  of  structure  should  be  established  based 
on  the  region  of  the  aircraft  where  it  is  used.  Environmental 
effects,  as  well  as  the  serviceability  and  maintainability  of 
proposed  protection  systems,  should  also  be  considered. 

A  review  of  industry  activities  in  this  area  (2  and  3) 
indicates  that  most  of  the  effort  has  been  concentrated  on 
the  development  of  conductive  surface  shielding  methods  to 
provide  protection  against  the  direct  lightning  stroke  con¬ 
dition.  An  assessment  of  the  aircraft  lightning  strike 
phenomena  (4)  indicates  that  most  aircraft  structural  parts 
are  not  located  in  regions  requiring  protection  against  such 
severe  conditions.  While  conductive  surface  shielding 
methods  can  be  used  io  provide  more  than  adequate 
protection  for  structures  located  in  the  less  stringent 
swept-stroke  and  restrike  regions,  their  usage  may  not  be 
cost  effective.  In  addition,  the  use  of  these  protection 
methods  can  reduce,  but  not  completely  eliminate,  lightning 
damage  to  composite  structures  (2). 


•Numbers  in  parentheses  designate  References  at  end  of 
paper. 


In  view  of  the  above,  Douglas  has  considered  other 
approaches  for  the  development  of  lightning  protection  for 
composite  structures  located  in  the  swept-stroke  and 
restrike  regions  of  an  aircraft.  This  has  resulted  in  the 
development  of  a  new  approach  utilizing  the  dielectric- 
shielding  concept.  The  design  objective  of  this  approach  is 
to  prevent  the  swept-stroke  and  restrike  lightning  current 
from  attaching  to,  or  transferring  through,  the  composite 
structures  by  shielding  them  with  dielectric  coatings  and 
films. 

DESIGN  CONCEPTS 

ZONAL  PROTECTION  DESIGN  CONCEPT  -  When 
struck  by  lightning,  an  aircraft  becomes  involved  in  various 
phases  of  the  lightning  current  transfer.  For  the  purpose  of 
defining  lightning  protection  requirements,  the  aircraft 
surfaces  can  be  divided  into  three  major  zones  (S): 

Zone  1:  Surfaces  of  the  aircraft  for  which  there  is  a  high 
probability  of  direct  lightning  stroke  attachment. 
Zone  2:  Surfaces  of  the  aircraft  for  which  there  is  a  high 
probability  of  a  lightning  stroke  being  swept 
rearward  from  a  Zone  1  point  of  direct  stroke 
attachment. 

Zone  3:  The  aircraft  areas  other  than  those  covered  by 
Zone  1  and  Zone  2  regions. 

Figure  1  shows  the  lightning  strike  zones  of  a  typical 
aircraft.  These  zone  regions  were  defined  from  the  analysis 
of  laboratory  lightning  test  results  obtained  using  a  scale 
aircraft  model.  Since  the  lightning  attachment  and/or 
transfer  characteristics  in  each  zone  region  are  not  the  same, 
lightning  protection  design  considerations  for  aircraft  struc¬ 
tures  in  each  zone  region  are  different.  Therefore,  appropri¬ 
ate  lightning  protection  designs  for  advanced  composite 
structures  should  be  developed  according  to  their  specific 
applications  on  an  aircraft. 

SWEPT-STROKE  PHENOMENA  —  An  aircraft  becomes 
a  part  of  the  lightning  discharge  channel  when  struck  by 
lightning.  Figure  2  shows  the  probable  current  waveform  of 
the  most  severe  lightning  stroke.  The  aircraft,  due  to  its 
speed,  may  move  a  distance  of  several  hundred  feet  during 
the  entire  lightning  event.  Since  the  lightning  channel  is 
somewhat  siationary  in  space,  the  aircraft  will  fly  through 
the  established  lightning  channel  when  an  attachment 
occurs  to  a  forward  protrusion  point  on  the  aircraft.  As  a 
result,  the  lightning  channel  may  make  intermittent  con¬ 
tacts  with  the  aircraft  surface  aft  of  the  initial  attach  point. 
Tnus,  the  lightning  channel  appears  to  sweep  back  over  the 
aircraft  surface  as  illustrated  in  Figure  3.  This  is  the 
swept-stroke  phenomena,  When  a  lightning  restrike  occurs, 
it  usually  follows  the  same  iightning  channel  if  it  occurs 
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within  IOC  milliseconds  of  the  initial  re'urn  stroke  <b) 
Hence,  restrikes  can  be  part  of  the  swcpt-streke  phenomena. 

DIELECTRIC  SHIELDING  DFSIGN  CONCEPT  A 
complete  lightning  protection  system  includes  two  funda¬ 
mental  parts  a  conductive  part  which  provides  lightning 
current  paths  and  an  isolation  part  which  shields  the 
protection  object  from  the  lightning  current  paths.  The 
isolation  part  of  the  protection  system  is  as  important  as  the 
conductive  part.  In  the  past  few  years,  most  of  the  research 
effort  for  advanced  composite  structures  in  the  industry  has 
been  concentrated  on  the  development  of  the  conductive 
part  of  the  system.  The  isolation  pari,  however,  appears  to 
have  been  neglected. 

Boeing  and  Lightning  and  Transients  Research  Institute 
(LTR1)  have  investigated  the  dwell  time  characteristics  of 
swept-stroke  attach  points  on  metal  skin  surfaces  in  ihe  fuel 
tank  area  (7  and  8).  These  investigations  indicated  that 
when  coatings  were  used  on  the  external  metal  surface 
located  in  swept-stroke  regions,  the  lightning  channel  would 
dwell  at  specific  points  on  the  metal  surface  and  not  sweep 
smoothly  as  it  would  across  the  bare  metal  surface.  The 
surface  coatings  provided  a  dielectric  shield  over  the  metal 
skin  surface.  This  created  a  condifion  that  made  it  diffici.lt 
for  the  lightning  channel  to  contact  a  new  point  during  the 
sweeping  event,  thus  prolonging  tfie  dwell  time  at  each 
attach  poini. 

An  analysis  made  by  Douglas  indicates  that  certain 
dielectric  materials  can  be  used  to  provide  boron  and 
graphite  composite  structures  with  dielectric  shielding  pro¬ 
tection  against  lightning  attachment  in  Zone  T  regions. 
Since  the  longer  dwell  time  of  the  lightning  channel  at  a 
point  on  the  skin  panel  will  resuit  in  a  larger  separation 
distance  between  attach  points  during  the  swept-stroke,  this 
can  be  used  to  advantage  for  composite  skin  panels.  The 
distance  between  lightning  attach  points  can  be  extended  by 
increasing  the  dielectric  strength  of  ihe  surface  coating. 
Therefore,  the  attachment  of  lightning  swept-stroke  and 
re-.trike  current  ;  a  certain  span  of  composite  skin  panel 
can  be  prevent  :d  by  the  external  surface  application  of 
materials  with  sufficient  dielectric  strength. 

This  design  cotcept  assumes  that  an  attach  pomt  occurs 
forward  of  the  composite  skin  panel  on  a  metal  surface. 
Metallic  leading  edge  structures  may  be  used  for  this 
purpose  since  they  also  piovide  idea!  rain  erosion  protection 
for  composite  structures.  If  required,  a  metal  surface 
component  should  also  be  used  alt  of  the  composite  skin 
panel  for  the  dwelling  or  hanging  on  of  the  lightning 
channel. 

LABORATORY  INVESTIGATIONS 

TEST  SETUP  -  LTRI  swep«-stroke  and  resinke  iiglit- 
ning  test  facilities  were  utilized  for  laboratory  inve-h- 
gations.  Figure  4  shows  the  schematic  diagram  of  the  test 
sc. up  while  Figure  5  shows  the  typ-csl  sw;pt-«t<~-Ke  current 
waveform.  This  waveform  reflects  a  peak  amplitude  of  500 
amperes  which  decays  exponentially  to  zero  in  about  20 
milliseconds.  Ihe  rest!  ike  high  voltage  generator  produces  a 
current  discharge  of  15  kiloampcre  [leak  amplitude  at  a 
frequency  of  150,000  Hz  and  a  settling  time  of  50 
microseconds,  as  riiown  m  Figure  t>.  The  wind  tunnel  can 
provide  a  wind  velocity  of  from  150  to  ’50  mph  during  the 
lightning  test.  After  the  lightning  channel  is  established 


between  the  lightning  rod  and  test  panel,  the  wind  blows 
the  channel  across  the  test  panel.  The  upper  end  of  the 
lightning  channel  also  moves  along  the  metal  lightning  rod 
allowing  the  arc  channel  to  follow  the  windstream.  The 
lightning  channel  may  be  swept  over  a  range  of  50  to  55 
inches  from  the  initial  attach  point  depending  upon  the 
w;;,d  velocity  provided  during  the  20-millisecond 
discharging  period. 

A  Polaroid  camera  is  used  to  take  the  still  photograph  of 
each  lightning  test  shot.  In  addition,  a  high-speed  Fastex 
movie  camera  is  used  to  record  the  movement  of  lightning 
channel  at  a  speed  of  approximately  2,000  frames  per 
second. 

TEST  SAMPLES  -  Boron  and  graphite  epoxy  com¬ 
posite  panels  with  different  types  of  dielectric  surface- 
coatings  were  lightning  tested  to  demonstrate  the  feasibility 
of  the  dielectric-shielding  concept.  Common  surface 
coating-type  materials  were  tested  first  since  all  external 
composite  skins  would  require  them  for  environmenta! 
protection  and  other  purposes.  A  test  panel  is  described  in 
Figure  7  anJ  Table  I.  Two  such  panels,  with  four  composite 
skins,  were  tested.  The  polyurethane  coating  was  selected 
for  test  since  it  is  the  type  of  finish  coating  that  would 
normally  be  used  over  composite  skins.  On  the  No  2  sscin 
surface,  an  additional  coating  of  10-mil  epoxy  was  used  to 
provide  extra  dielectric  shielding  strength.  The  Astrocoat 
coating,  which  provides  good  rain  erosion  protection,  was 
also  tested. 

The  attachment  characteristics  of  swept-stroke  and 
restrike  lightning  current  on  a  graphite  epoxy  composite 
skin  bonded  to  aluminum  honeycomb  core  wcie  also 
investigated.  See  Figure  8  and  Table  2. 

TEST  RESULTS  Figure  9  shows  a  typical  swept- 
stroke  lightning  test.  During  this  test,  the  lightning  channel 
dwelled  on  the  forward  aluminum  bar  while  being  swept 
over  the  composite  skin.  In  the  latter  part  of  the  lest,  the 
lightning  channel  was  reattached  to  the  aft  aluminum  bar 
and  detached  from  the  forward  dwell  point  without 
contacting  the  intervening  composite  skin.  Test  results 
indicate  that  the  dielectric  surface  coating  appliec  to  this 
sample  was  sufficient  to  prevent  lightning  attachment  to  the 
composite  skin  for  the  span  involved  Figure  10  shows  a 
failure  fuse  and  i  gure  1 1  -.hows  the  puncture  damage  that 
resulted  to  the  composite  skin. 

Figure  12  shows  a  restrikc  test  and  the  discharge  current 
waveform.  The  restrike  was  triggered  at  16  milliseconds 
after  the  initiation  of  the  swept-stroke.  The  composite  skin 
was  not  contacted  by  lightning  current  during  this  lightning 
lest.  Figure  1 3  shows  the  clips  of  the  Fastex  movie  film  in 
which  the  entire  swept-stroke  and  restrike  event  was 
recorded. 

In  the  first  frame  ol  the  film  clips,  a  small  spark  was 
recorded  at  the  top  of  the  thin  w-re  and  a  larger  one  at  the 
bottom.  These  sparks  are  expected  since  the  thin  wire  was 
loosely  attached  by  tapes  to  the  overhead  lightning  rod  and 
aluminum  lest  panel.  The  tnin  wire  was  partially  vaporized 
troth  at  the  top  ..nd  bottom  in  the  second  frame,  by  the 
heat  generated  during  the  flow  of  high  current.  The  third 
frame  shows  the  thin  wire  completely  vaporized.  The 
movement  of  the  lightning  channel  was  clearly  recorded 
starting  from  the  fourth  frame.  The  27th  frame  shows  that 
•he  restrike  current  flowed  th.ough  the  existing  lightning 
channel,  but  it  is  difficult  to  sec  the  attach  point  since  tilt- 
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-  LTPxl  swept-stroke  and  restrike  lightning  test  schematic  diagram 
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Fig.  7  -  Composite  test  panel 


Table  1  -  Composite  test  panel  material  description 


SKIN 

COMPOSITE  AND  SURFACE  COATING  MATERIAL 

1 

4  LAYERS  GRAPHITE  FILAMENT*  (FERRO  PREG  C-1313  GLC  4T/E-350)  AND  3  MIL 
POLYURETHANE  COATING  (DPS  4.50-62) 

2 

4  LAYERS  GRAPHITE  FILAMENT*  (FERRO  PREG  C-1313  GLC  4T/E-350),  10  MIL  EPOXY 
COATING  (DPM  HO  CLEAR),  AND  3  MIL  POLYURETHANE  COATING  (DPS  4.50-62) 

3 

4  LAYERS  GRAPHITE  FILAMENT*  (FERRO  PREG  C-1313  GLC  5T/E-350),  2  LAYERS 

BORON  FIBER**  (NARMCO  5505),  AND  3  MIL  POLYURETHANE  COATING  (DPS  4.50-62) 

4 

4  LAYERS  GRAPHITE  FILAMENT*  (FERRO  PREG  C-1313  GLC  5T/E-350)  AND  7.3  MIL 
ASTROCOAT  RAIN  EROSION  COATING 

•FILAMENT  LAYER  ORIENTATION:  +45°,  -45°  -45°,  +45°. 

••FIBER  LAYER  ORIENTATION:  0°,  0°  (PARALLEL TO  THE  STRAIGHT  ALUMINUM  BAR) 
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SKIN  NO.  1 


■ALUMINUM  HONEYCOMB 
CORE 


23.00 


42.00' 


-SKIN  N0.2 


Fig.  8  -  Graphite  epoxy  composite  flap 


Table  2  -  Graphite  epoxy  composite  flap  material  description 


COMPOSITE  AND  SURFACE  COATING  MATERIAL 


4  LAYERS  GRAPHITE  FILAMENT*  (NARMCO  50206)  AND  3  MIL  POLYURETHANE  COATING 
(DPS  4. 50-6?) 


4  LAYERS  GRAPHITE  FILAMENT*  (NARMCO  50206),  10  MIL  EPOXY  COATING 
(DPM  110  CHAR),  AND  3  MIL  POLYURFfHANE  COATING  (DPS  4.50-62) 


•FILAMENT  LAYER  ORIENTATION:  +45°,  -45°,  -45°,  +45°. 
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WIND  TUNNEL 


Fig.  13  -  Fastex  movie  film  clips  of  n 
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picture  has  been  overexposed.  However,  (he  still  photo  of 
the  same  event,  Figure  12,  recorded  a  clear  resirike  channel 
attaefiing  back  to  the  forward  aluminum  bar.  The  31st 
frame  shows  the  lightning  channel  disconnected  from  the 
top  lightning  rod  indicating  the  cease  of  lightning  current 
flow.  This  is  al.o  shown  in  the  current  waveform,  Figure  12. 
The  lightning  current  magnitude  reduces  to  zero  two 
milliseconds  after  the  restrike  discharge.  The  remaining  part 
of  the  film  clip?  show  the  decreasing  illumination  of  the 
plasma  channel. 

The  exact  film  speed  of  the  Fastex  movie  can  be 
calculated  from  Flares  12  and  13.  The  restrike  event  at  16 
milliseconds  is  shown  in  the  27th  frame  of  the  film  clips, 
‘this  corresponds  to  a  film  speed  of  0.59  millisecond  per 
frame. 

Figure  14  shows  another  successful  restiike  test.  During 
this  test,  the  restrike  current  did  not  follow'  the  existing 
swept-stroke  channel,  but  instead  attached  to  the  aft 
aluminum  bar,  as  shown  in  the  still  photo.  Tips  demon¬ 
strates  that  sufficient  shielding  strength  was  provided  for 
the  composite  skin  by  the  dielectric  surface  coating. 

The  effect  of  using  exposec  metallic  structural  ribs  for 
the  attachment  of  the  lightning  channel  between  dielectri¬ 
cally  shielded  composite  skin  panels  has  been  investigated. 
Thin  metal  foil  strips  were  used  io  simulate  these  ribs.  1  he 
strips  were  applied  both  perpendicular  and  parallel  to  the 
windstream.  Figure  15  show,  the  test  panel  and  Figure  16 
shows  one  of  the  swept-stroke  tests.  Tes,  results  inch  ate 
that  strips  positioned  perpendicular  to  the  windstream  can 
be  effectively  used  for  the  reattachment  of  lightning 
current.  Thus,  this  method  can  be  used  over  dielectrically 
shielded  composite  skin  surface  for  the  protection  of  longer 
spans.  The  strips  positioned  parallel  io  the  windstream, 
however,  failed  to  provide  any  diversion  function  for  the 
swept-stroke  channel. 

The  effect  of  electrically  grounding  the  graphite  epoxy 
composite  skin  on  the  attachment  characteristics  of  swvpt- 
stroke  lightning  channel  also  has  been  investigated. 
Figure  I  7  shows  the  test  results.  ,n  this  case,  a  24-inch  air 
gap  was  intentionally  provided  a.'t  of  the  trailing  edge  of  the 
composite  Hap  !t  should  be  noted  ihai  for  the  ungrounded 
skin  case,  the  lightning  channel  dwelled  on  the  forward 
aluminum  bar  for  the  entire  period  of  lightning  test. 
However,  when  the  skin  surface  wss  grounded  the  hgiitning 
channel  attached  to  the  forwa.d  alumii  um  bar  and  then 
reattached  to  the  trailing  edge  of  the  composite  Hap  where 
it  dwelled  until  the  channel  decayed. 

Fifty  swept-stroke  test  shots  and  2G  restrike  test  shots 
were  made  on  boron  and  graphite  composite  skin  panels 
shielded  with  various  types  of  dielectric  coatings  The  span 
protections  afforded  for  each  configuration  for  lot1!  swept- 
stroke  and  restrike  tests  are  summarized  in  Table  3.  Test 
results  have  verified  that  the  restrike  condition  is  more 
critical  than  the  simple  swept-stroke  cond'iion.  The  test 
results  have  been  analyzed  and  significant  findings  are  as 
ioiiows: 

■t  The  boron  epoxy  composite  skin  has  inherent  degree 
of  dielectric  shielding  strength  which  makes  this  type  of 
skin  easier  to  prot.  ;t  than  the  graphite  skin. 


9  The  aluminum  horeyeomb  core  underneath  a  composite1 
skin  does  r.ot  have  appreciable  effect  on  the  shielding 
characteristics  of  dielectric  surface  coatings  when  consider 
mg  swept-stroke  and  restrike  conditions, 
o  A  10-mil  coating  of  epoxy  plus  a  3-mii  polyurethane 
coating  system  can  provide  over  a  48-inch  span  protection 
for  swept-stroke  ami  31 -inch  span  protection  for  restnke 
when  appiied  to  the  graphite  epoxy  composite  4Kin.  More 
investigations,  using  higher  restrike  peak  eurrent,  a.e  neces¬ 
sary  for  further  verification.  This  protection  system  applied 
to  the  boron  skm  has  not  been  tested.  However,  a  longer 
span  of  p'oteetion  is  expected. 

e  i.ictai  foil  strips  or  exposed  metallic  structural  ribs, 
positioned  perpendicular  to  the  windstream  over  the  dielec¬ 
trically  shielded  composite  skm  surface  can  be  used  for  the 
protection  of  longer  spans  Metal  strips  or  nbs  positioned 
parallel  io  the  windstream  may  not  provide  a  diversion 
function  to  the  «wept-t!roke  channei. 
a  Electrical  grounding  of  the  g raph'te  epoxv  composite 
skm  surface  may  affect  the  swept-stroke  lightning  channel 
attachment  characteristics  by  weakening  the  dielectric 
shielding  protection  system.  Therefore,  it  may  be  desirable 
to  isolate  the  composite  skin  surface  from  the  adjacent 
metal  structures. 

•  An  analysis  of  these  a  suits  indicates  that  higher 
dielectric  strengih  materials  may  be  beneficial  for  large  skill 
panel  protections  and  also  for  weight  saving  considerations. 
Dou  jlas  it  investigating  certain  dielectric  films  for  the  nrx! 
pi. :  e  of  this  research  program. 

CONCLUSION 

Various  lightning  protection  design  techniques  are 
required  for  advanced  composite  aircraft  structures  These 
techniques  should  be  developed  lor  each  individual  struc¬ 
ture  according  to  its  specific  application  and  location  on  an 
ah  craft. 

The  dielectric  sur.ace  shielding  method  presented  in  this 
paper  has  <hown  that  adequate  protection  has  been 
provided  for  certain  spans  of  compos  'c  skin  panels  located 
m  the  swept-stroke  and  restrike  region  ol  tire  aircraft 
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Lightning  Protection  for  Aircraft  Sandwich 
Structures  with  Boron/Epoxy  Composite  Skins 

George  Lubin  and  Sam  Dastin 
Grumman  Aerospace  Corporation 

ABSTRACT 

Boron/epoxy  compocltes  are  relatively  new 
materials  for  aircraft  structures  and  there  was 
very  little  data  on  the  lightning  resistance  at  the 
time  the  first  production  part,  the  F-14A  horizon¬ 
tal  stabilizer  was  initiated.  This  part  was  designed 
as  a  full-depth,  aluminum  honeycomb  sandwich 
with  toron/epoxy  skins  of  varying  thickness. 
Specimens  reproducing  this  design  were  fabricated 
and  tested  under  laboratory  conditions  to  simulate 
exposure  to  lightning.  Certain  specimens  were 
unprotected  control  specimens  others  had  various 
types  of  protective  surfaces.  Protection  included 
sprayed  aluminum,  aluminum  and  titanium  foils  of 
various  thickness,  conductive  coatings,  aluminum 
wire  mesh  and  laminated  metal  foil,  solid,  per¬ 
forated  and  in  strips  of  various  width. 

Preliminary  tests  indicated  that  unprotected 
boron/epoxy  sandwich  panels  with  aluminum  core 
were  severely  damaged  by  lightning  strikes  in 
excess  of  100,000  ampere3.  Conductive  paint  gave 
a  limited  improvement  but  not  sufficient  protection. 
Sprayed  aluminum  coatings  and  bended  metal  foils 
were  very  effective.  Additional  tests  and  full- 
scale  stabilizer  tests  proved  out  the  panel  test 
result*  and  a  final  pattern  of  aluminum  foil  strips 
was  developed  or.  the  maximum  effectiveness  - 
lowest  weight  basis 

The  PRIMARY  PURPOSE  of  the  boron/epoxy 
lightning  exposure  study  was  to  develop  the 
minimum  weight-minimum  cost  protection  system 
required  by  the  stabilizer  for  the  F-14A  aircraft  to 
resist  200,000  ampere  discharges.  This  stabilizer 
consists  of  a  full-depth,  honeycomb  base  structure 
with  boron/epoxy  skint  and  aluminum  core,  and 
aluminum  leading  edge,  aluminum  trailing  edge  and 
an  aluminum  cap,  (Figure  1).  The  boron/epoxy 
skins  have  titanium  edge  sectiors  and  a  titanium 
plate  at  the  pivot  fitting.  These  titanium  parts  have 
tapered  steps  chem-milled  on  both  sides  and  are 
bonded  to  the  boron  layer  (co-cured)  during  the 
autoclave  curing  cycle. 

The  in  iiat  opinion  of  the  designers  was  that 
since  a)1  the  exposed  edges  of  the  part  were 
metallic,  little  or  no  protection  should  be  lequlred. 
However,  a  study  of  lightning  strikes  on  various 
types  of  aircraft,  particularly,  the  fiberglass 
radomes  indicated  that  either  tne  lightning  may 
strike  a  non-meuillic  surface,  or  the  paosage  of 
lightning  bc’t  across  a  surface,  which  occurs  in 
flight,  may  aioO  seriously  damage  a  non-couductive 
component.  Since  the  behavior  of  boron/epoxy 


structures  was  not  well  known,  a  study  to  deter¬ 
mine  its  resistance  to  lightning  strikes  was 
initiated. 

The  vulnerability  of  boron/epowy  structures  to 
high-amperage  discharges  had  been  originally 
determined  by  the  early  Air  Force  tests  v/hich 
showed  that  many  sample  sandwich  panels  were 
extremely  sensitive  to  lightning  and  tended  tc 
explode  when  hit  by  discharges  of  100,000  amperes 
and  higner.  To  determine  the  actual  resistance  of 
production  parts  a  comprehensive  program  was 
initiated  at  Grumman.  The  first,  part  of  this  study 
involved  the  exposure  of  test  panels  with  and  with¬ 
out  protection  to  various  simulated  lightning 
exposures  and  the  evaluation  of  the  effects  of  such 
exposures.  The  second  part  consisted  oi  full-scale 
tests  on  an  actual  F-14A  boron/epoxy  stabilizer. 

The  final  pattern  of  the  protective  system  was 
developed  as  the  result  of  these  full  scale  tests. 

TEST  PANEL  STUDY 

The  Initial  panels  used  were  two  single -skin 
boron/epoxy  panels,  0.  060  inch  thick,  one  with  a 
sprayed  aluminum  coating  and  the  other  with  a 
conductive  epoxy  coating.  The  aluminum  sprayed 
panel  was  fabricated  by  first  spraying  0.  008  inch 
of  aluminum  on  a  metal  plate  and  then  molding  a 
boron  skin  integrally  on  the  surface  of  the  aluminum. 
The  res  ’  of  the  tists  on  the  sprayed  pane!  are 
shown  on  F  gure  2. 

The  surface  was  etched  by  the  discharge  but 
the  panel  was  not  punctured  ever,  by  a  200, 000 
ampere  strike  but  some  surface  damage  was 
apparent.  Flexural  tests  of  specimens  from  the 
damaged  area  showed  a  30%  drop  in  mechanical 
strength.  The  panel  with  0.  003  'nch  conductive 
epoxy  coating  wss  penetrated  by  both  100, 000 
ampere  and  200,000  ampere  lightning  strikes  and 
was  not  tested  iurther. 

The  panel  tests  on  sandwich  panels  consisted 
initially  of  seven  panels  listed  in  Table  I.  The 
facing  skins  for  these  panels  wore  fnhrii  atpH  from 
Narmco  5505  boron/epoxy  tape.  The  core  was 
aluminum  honeycomb,  3/4  inch  thick,  1/8  Inch  cell 
sice  and  5  pounds  pur  cu.  feet  density.  For  the 
back  skins,  fiberglass  panels,  0.  060  Inch  thick 
w^re  used.  The  skins  were  bonded  to  the  honeycomb 
using  Metlbond  239  adhesive.  Grounding  strips 
vere  bonded  to  panels  with  Hyso!  4239-3487  con- 
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TABLE  I 

DESCRIPTION  OF  BORON-EPOXV  SKIN.  ALUMINUM  HONEYCOMB  CORE  SANDWICH  TEST  PANELS 


Boron- Epoxy  Skin 

Panel 

No. 

Type 

Thickness, 

inch 

Panel  Size, 
inches 

Type  of  Protection 

Reference 

No. 

A 

12  Crossed 

Plies 

0.  062 

9x9 

0.  000-lr.ch- thick  alumlnun 
foil 

B 

12  Crossed 

Plies 

0.062 

9x9 

0.  006-mch-thlck,  one-inch¬ 
wide  aluminum  foil  strips 
spaced  one  inch  apart 

Fig.  3 

C 

12  Crossed 

Plies 

0.062 

9x9 

0.  006-inch-thlc!<  aluminum 
foil  with  1/2-inch-diarneter 
holes  on  one-inch  centers 

Fig.  4 

F 

12  Crossed 

Plies 

0.  062 

9x9 

None  (originally  had  0.  006- 
ineh-thick,  one-inch-wide 
aluminum  foil  strip  spaced 
two  inches  apart) 

G 

12  Crossed 

Plies 

0.  062 

9x9 

0.  006-inch-thick,  one-inen  wide 
aluminum  foil  strips  spaced 

2  3/4  inches  “part 

Fig.  5 

H 

15  Unidi¬ 
rectional  Plies 

0.032 

12x12 

0,  012-lnch-thick  titanium  foil 

None 

1 

1 - 

15  Crossed 

Plies 

0.  086 

12x12 

0.  008-lnch-thlck  titanium  foil 

N  me 

ductive  epoxy  adhesive.  Protei  live  aluminum 
foil  and  titanium  foil  were  bonded  to  the  boron/ 
epoxy  skins  with  non-conductive  Metlbond  329 
adheeive. 

The  use  of  bonded  metal  foil  on  the  surface 
of  boron/epoxy  rather  it  an  -f  sprayed  aluminum 
was  necessitated  by  the  method  of  molding  actual 
production  skins  for  F-14A  stabilizer.  The  mold 
surface  was  the  faying  surface  of  the  skin  (the 
surface  which  was  to  be  bon  'ed  to  the  honeycomb; 
and  the  air-pausage  surface  was  the  bag  surface. 
For  the  al  iminum  sprayed  layer  to  be  effective,  it 
must  be  first  sprayed  on  the  mold  and  be  bonded 
to  the  skin  during  the  actual  cure  operation. 
Aluminum  sprayed  cn  top  of  a  cured  boron/epoxy 
surface  dc  s  not  adhere  sufficiently  to  withstand 
the  sir  pmeures  under  flight  conditions. 

TEST  PROCEDURE 

Since  it ’s  prohibitively  expensive  to  Simula  jS 
actual  llghtnng  strtkss  under  laboratory  condi¬ 
tions,  three  types  of  laboratory  tests  have  been 
developed  as  a  compr  jmise.  TheBe  are  high- 


voltage,  high-current,  and  high-energy  (liigh 
coulomb)  strikes.  Past  studies  of  actual  lightning 
strikes  and  aircraft  structures  lave  3(iown  that  a 
nigh-current  strike  at  200, 000  amperes  and 
48, 000  volu  should  be  the  standard  test  to 
evaluate  the  lightning  resistance  of  proposed 
structures.  This  test  is  called  out  by  Paragraph 
3. 3. 4. 5  of  Military  Specification  B5687B. 

Artificial  Lightning  discharge  tesl3  or  Panels 
A,  B,  C,  F,  G,  H,  and  I  were  perfoimcd  by  the 
Lightning  and  Transients  Research  Institute  of 
Minneapolis,  Minnesota.  These  tests  were 
sponsored  by  the  Air  Force  Mnterial  Laboratory 
(Wright- -Patterson  Air  Force  Base)  and  were 
conducted  under  the  supervision  of  Mr.  L,  Kelly 
of  that  laboratory  and  Dr.  C.  Robb  of  the 
Institute.  U)  Teat  conditions  used  are  listed  in 
Table  II. 

(1)  Lightning  and  Transient  Research  Institute 
Report  on  Contract  No,  F33615-68-C-1534 
of  September  1.2,  1969 
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TYPES  OF  TESTS 

Three  types  of  te^t  discharges  were  used  to 
simulate  the  effects  of  natural  lightning.  High- 
voltage,  long-arc  discharges  of  moderate  energy 
were  used  to  determine  the  strike  points  and 
current  paths.  High-curient  discharges  of  high 
energy  and  hlgh-charge-transfer  dischargee  of 
long-time  durat'on  were  used  to  evaluate  the  damage 
which  would  be  p  oduced.  The  high-voltage,  long- 
arc  discharges  and  the  high-current  discharges 
can  be  combined  in  a  single  discharge  blit  the  more 
extensive  damage  resulting  from  the  high  currents 
and  high-charge  transfers  generally  obscures  the 
contact  points  and  current  paths  which  would  be 
shown  by  the  high-voltage  long-arc  discharges 
and  thus  are  performed  separately. 

Oscillograms  showing  the  high-current 
damped  oscillatory  waveform  and  the  high-charge 
transfer  waveform  are  presented  in  Figure  6.  The 
long-arc  discharges  were  also  of  a  damped 
oscillatory  nature  but  with  a  crest  current  of 
approximately  15  kiloamperes  and  a  charge  trans¬ 
fer  of  about  0. 01  coulomb  versus  up  to  200  kilo- 
amperes  and  3  coulombs  for  the  high  current 
discharges.  The  oscillatory  discharges  are 
slightly  more  severe  than  the  unlpolarlty  discharges 
typical  of  natural  lightning. 

For  the  hlgb-voltage  tests,  a  discharge 
electrode  with  a  one-half-lnch-dlameter  tip  was 
positioned  over  the  test  panel  and  the  protection 
8 trips  and  aluminum  honeycomb  core  were 
grounded. 

First,  Intense  electrical  Impulse  fields  were 
applied  to  the  sample  to  produce  the  predischarge 
streamerlng  which  guides  natural  lightning  dis¬ 
charges  Into  an  aircraft  and  thus  determines  the 
strike  points.  The  points  from  which  the  most 
Intense  streamers  initiate  are  the  most  probable 
points  of  lightning  strike.  The  Intense  electric 
fields  are  applied  by  placing  a  high-voltage 
electrode  over  the  test  sample  and  bringing  up  the 
voltage  until  streamerlng  occurs  but  not  high 
enough  to  produce  a  discharge.  In  the  initial  tests, 
the  moat  Intense  streamerlng  occurred  off  the 
edge  of  the  panel.  Because  of  a  lack  of  time  the 
streamer  tests  were  discontinued  and  tests  with 
long-arc  discharges  to  the  te3t  panels  were  begun. 

A  0. 6-mcgavolt  discharge  to  Panel  E  with 
resultant  edge  arcing  due  to  laminate  current  flew 
Is  shown  In  Figure  7.  As  listed  in  Table  II,  the 
discharges  fired  through  a  30-inch  gap  struck  the 
edges  of  the  panel.  However,  with  the  gap 
shortened  to  G  inches  and  with  the  protection 
strips  spaced  2-1/2  inches  apart  on  panel  G,  one 
discharge  struck  the  composite  material  between 
the  protection  strips  ^Figure  14). 


Some  laminate  damage  was  observed  due  to 
this  discharge,  although  it  appeared  to  be  less 
than  had  been  observed  for  similar  tests  of  earlier 
composite  panels  without  the  foil  strip  protection. 
The  protection  strips  apparently  not  only  reduced 
the  probability  of  strikes  to  the  exposed  boron 
pane'  but  also  reduced  the  damage  to  the  boron 
probably  because  part  of  the  current  was  conducted 
over  the  external  surface  by  an  arc  to  the  protec¬ 
tion  strip  rather  than  through  the  material  Itself. 
The  above  discharge  to  the  exposed  boron  section 
rather  than  to  the  adjacent  aluminum  protection 
strips  indicated  that  streamers  can  emanate  from 
the  boron  material  between  the  strips  to  guide  In  a 
natural  lightning  discharge  even  though  the  tew 
streamerlng  photographs  which  were  taken  did  not 
Indicate  major  streamerlng  except  from  panel  and 
strip  edges. 

Next,  high-cii^ent  artificial  lightning  dis¬ 
charges  were  fired  to  various  panels  with  and 
without  the  protection  strips.  The  panels  were 
mounted  on  an  Insulated  backing  plate  and  the 
protection  foils  and  honeycomb  core  were  returned 
to  ground  via  a  high- current  measuremen  hurt 
used  for  current  recording.  A  discharge  gap  of 
approximately  1/2  inch  was  used  for  the  tests. 

A  200-kiloampere  discharge  to  Panel  F  with 
the  protection  strips  removed  produced  major 
damage  In  the  boron  epoxy  skin  and  honeycomb 
core  as  illustrated  in  the  photograph  of  Figure  0. 
However,  this  damage  appeared  to  be  substantially 
less  than  observed  in  earlier  similar  tests  of 
other  honeycomb  core  composite  material,  one 
possible  explanation  being  that  in  the  earlier  tests 
either  the  skin  or  the  aluminum  core  was  of 
thinner  material. 

High-current  discharges  to  the  panels  wHh 
continuous  aluminum  and  titanium  foils  and  per¬ 
forated  aluminum  foil  generally  produced  local 
holes  In  the  foil  but  no  visible  mminate  damage  as 
illustrated  in  Figures  9,  10,  11  and  12.  For  Panel 
A  with  a  6-mil  aluminum  foil,  a  100-klloampere 
discharge  burned  approximately  a  one-inch- 
diameter  hole  in  the  foil  and  a  200-kiloampere 
discharge  burned  approximately  a  1-1/2-inch- 
dlameter  hole  in  the  foil  but  no  boron  laminate 
damage  w^as  noted.  A  200-kiloampere  discharge 
to  the  heavier  8-mil,  u’uminum-coated  Panel  I 
produced  a  similar  but  smaller  hole  in  the  foil 
and  again  no  laminate  damage  was  observed. 

Both  the  6-mil  perforated  aluminum  foil  of 
panel  C  and  the  12-mil  titanium  foil  of  Panel  H 
showed  approximately  2-1/2-inch-diameter  holes 
due  to  200-kiloampere  discharges  but,  as  for  the 
other  continuous  foils,  nc  laminate  damage  was 
observed  for  either  panel. 
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Figure  3  -  Boron/Epoxy  Sandwich  Fanei.  with  1  Inch  Aluminum  Strips  Spaced  1  Inch 


! 


Boron/Epoxy  Sandwich  Panel  with 


Figure  5  -  Boron/Epoxy  Sandwich  Panel  with  1  Inch  Aluminum  Strips  Spaced  2  3/4  Inch 


Current,  Kiloamperea 


Figure  6  lypical  Current  Oscillograms 


Panel  A  After  Exposure  to  Artificial  Lightning  Discharge 


MM 


Figure  11  -  Panel  H  After  a  200  KA  and  a  High  Current  (35  Coulombs)  Lightning  Strike 


TABLE  II 

ARTIFICIAL  LIGHTNING  TEST  DATA  FOR 
BORON  COMPOSITE  PANELS  WITH  ALUMINUM  GRID  PROTECTION 


Tea* 

No. 

Figure  Ho. 

Panel  No. 
and  Dist 

Long  Arc 
(probe  to 
panel  i: . ) 

HI  Current 
(kiloamps) 

Hi  Coulomb 
(coulombs) 

Comments 

I 

E 

1-1/2" 

spacing 

30 

0 

0 

Arc  to  chopping  gap 
electrode 

2 

E 

30 

0 

0 

To  panel  edge 

3 

E 

6 

0 

0 

Arc  split  to  strips 

4 

E 

3/4 

0 

0 

Arc  to  strips 

5 

14 

G 

2-1/2" 

spacing 

6 

0 

0 

To  composite,  slight 
dela.nlnatlon 

6 

14 

G 

20 

0 

0 

To  panel  edge 

7 

14 

G 

36 

C 

0 

To  chopping 
electrode,  streamer 
photograph 

8 

14 

G 

36 

0 

0 

To  chopping 
electrode,  streamer 
photograph 

9 

14 

G 

3S 

0 

0 

To  chopping 
electrode,  streamer 
photograph 

10 

9 

A 

6  mil  alum  foil 

100 

0 

Foil  locally  burned 
away,  no  delamination 

11 

9 

A 

2 

200 

0 

Foil  burned  away,  no 
delamination 

12 

13 

B  1-1/4" 
spacing 

200 

0 

Foil  strips  burned 
off.  To  strip 

13 

10 

C  perforated 
foil 

200 

Foil  locally  burned 
away 

14 

11 

H 

12  mil  titanium 
foil 

200 

0 

Foil  locally  delam¬ 
inated  from  panel 

15 

12 

I 

8  mil  alum  foil 

200 

0 

Fo!1  locally  burned 
away 

16 

14 

G  2-3/4" 
spacing 

200 

0 

Local  delamination  and 
strips  burned  off 

.17 

11 

II 

35 

Several  pits  in  titanium  | 
foil  1 
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TABLE  II  (Continued) 


Test 

No. 

Figure  No, 

Panel  No. 
and  Dlst 

Long  Arc 
(probe  to 
panel  In.) 

HI  Current 
(klloamps) 

Hi  Coulomb 
(coulombs) 

Comments 

18 

12 

1 

35 

Approx.  1  In.  diameter 
hole  in  foil 

19 

12 

I 

350 

Approx.  3  In.  diameter 
hole  in  foil 

20 

8 

F 

foil  strips 
removed 

200 

Approx.  ?-3  in.  Jia- 
meter  hole  and  alum 
honeycomb  locally 
vaporized 

High-current  tests  of  the  panels  with  6-mil 
aluminum  foil  strips  indicated  that  the  strips 
greatly  minimized  panel  damage  even  for 
largest  strip  spacing  tested  of  2-3/4  Inches.  ”.ie 
200-kiioampere  discharge  fired  to  a  strip  0,1 
Panel  B  (Figure  13)  vaporized  and  blew  off  three 
strips  but  no  delamination  was  noted  in  the  panel. 

'1  he  discharge  to  Panel  G  illustrated  the 
effectiveness  of  the  strips  at  a  2-3/4  inch  spacing 
for  a  discharge  fired  directly  to  the  boron  material 
midway  oetween  the  protection  strips.  Aa  indicated 
in  Figure  14,  the  adjacent  strips  were  vaporized 
and  only  local  pitting  of  the  boron  material  was 
obseived.  This  damage  can  be  compared  with 
that  observed  for  the  somewhat  lower  amplitude 
discharge  to  the  unprotected  Panel  F  where  ex¬ 
tensive  laminate  and  core  damage  was  noted. 
Apparently  meet  of  the  discharge  current  was 
carried  by  the  surface  flashover  to  the  protection 
strips  in  spite  of  the  disciiarge  probe  oeing  within 
1/2  inch,  of  the  ooron  material. 

Finally,  several  tests  were  made  with  high- 
charge-transfer,  lon<r-time-duration  discharges 
typical  of  the  continuing  components  of  a  natural 
lightning  strike.  The  35  and  250-coulomb  dis¬ 
charges  to  the  12-mil  titanium  skin  of  Panel  H  and 
the  3-mil  aluminum  skin  of  Panel  I  produced  local 
burning  away  of  the  foil  and  some  heat  damage  due 
to  the  arc  to  the  underlying  boron  composite. 

After  being  subjected  to  the  lightning  discharge 
tests,  the  panels  (with  the  exception  of  Panel  F 
which  was  too  severely  damaged)  were  chemically 
milled  with  standard  caustic  solution  to  remove  the 
aluminum  surface  foil  and  honeycomb  core. 

Flexural  strength  specimens  were  then  cut  from 
both  undamaged  (control)  and  damaged  areas  of  the 
panel  as  shown  in  Figures  15  to  20. 

Flexural  strength  data  obtained  are  summarized 
In  labie  ill.  Visual  inspection  of  the  test  panels  and 
analysis  of  the  flexural  dtrength  values  indicated  that; 


o  Unprotected  panels  can  be  severely  damaged 
by  lightning  strikes. 

o  The  perforated  and  full-scale  aluminum 
and  titanium  foil  are  very  effective  in 
preventing  lightning  damage  to  boron/epoxy 
structures. 

o  The  one-inch-w;d6,  6-mil  aluminum  foil 
strips  are  effective  in  diverting  direct 
strikes  away  from  the  unprotected  boron 
composite  segments  as  well  as  in  reducing 
the  damage  when  a  strike  does  contact  an 
unprotected  segment. 

o  The  low-current,  high-coulomb  discharges 
typical  of  continuing  components  In  the 
natural  lightning  discharge  produce  con¬ 
siderable  metal  erosion  and  some  heat 
Invocations  in  the  boron. 

o  Discharges  to  the  aluminum  surfaced 

boron  composite  burned  away  the  aluminum 
coating  exposing  the  boron  composite  but 
not  recessarily  damaging  it  io  any  extent  as 
determined  visually. 

ADDITIONAL  LIGHTNING  DISCHARGE  TESTS 

Additional  lightning  discharge  tests  were  con¬ 
ducted  at  the  Genera)  Electilc  facility  in  Pittsfield, 
Massachusetts,  on  honeycomb  sancv7irh  panels 
more  representative  of  actual  aircraft-type 
structures.  The  ffects  of  boron-epoxy  skin  thick¬ 
ness  and  the  density  and  thickness  of  aluminum 
honeycomb  core  on  resistance  *o  lightning  strike 
damage  were  studied.  The  sandwich  panels  used 
are  listed  In  Table  IV.  These  panels  were  designed 
ar.d  fabricated  as  part  of  an  Air  Force  Contract  (2). 
It  was  planned  to  subje.t  these  panels  to  erd- 
compression  and  beam-bending  tests  after  they  had 
been  exposed  to  lightning  strikes.  If  the  damage 
wa3  excessive,  the  panels  were  to  be  repaired  and 
then  tested.  All  panels  except  the  BR  103-1  were 
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TABLE  III 

ROOM -TEMPERATURE  FLEXURAi.  STRENGTH  OF  LIGHTNING-DAMAGED 


BORON-EPOXY  SKIN/ALUMINUM  HONEYCOMB  SANDWICH  PANELS 


Control  Specimens 

Specimens  from  Damaged  Ai  ens 

Panel 

Spec. 

Flexural  Str. , 

Flexural  Mod- 

Spec. 

Flexural  Str. , 

Flexural  Mou- 

No. 

psl 

ulus,  psl  x  10® 

No. 

psl 

ulus,  psl  x  10® 

A* 

A-l 

154,000 

17.  90 

A -3 

150,000 

17.30 

A-2 

145,000 

17.20 

A-4 

154,000 

18.  OC 

A- 10 

147, GOO 

17.  20 

A-5 

148,000 

17.  90 

A-U 

145,000 

16.80 

A-6 

149,000 

17.80 

Avg 

147,800 

17.30 

A-7 

146.  900 

18.90 

A-12 

1:  uOO 

17.30 

A-13 

142,000 

17.50 

A- 14 

149,000 

17.40 

A-15 

142,000 

17.60 

B* 

B-l 

152,000 

x7.  60 

B-3 

123,500 

10,  90 

B-2 

159,  0C0 

17.30 

B-4 

116,000 

16. 80 

Avg 

155,500 

17.45 

B-5 

127,000 

17.70 

B-6 

128,000 

17.  10 

B-7 

136, 000 

16.  90 

C* 

C-l 

155,000 

17.  10 

C-3 

145,500 

17.30 

C-2 

146, 000 

16  60 

C-4 

147,200 

16.90 

Avg 

150,500 

16.85 

C-5 

108,000 

16.  50 

C-6 

150,500 

16.60 

C-7 

145,000 

ib.  70 

G* 

G-0 

115,000 

15.  90 

G-2 

115,000 

13.50 

G-l 

121,000 

16.  00 

G-3 

97,400 

11.  50 

G-9 

157,000 

17.70 

G-4 

77,500 

10.  60 

G-10 

149, 000 

17  00 

G-5 

29,900 

— 

Avg 

134,000 

16.70 

G-6 

90,500 

12.40 

G-U 

149,900 

16.70 

1 

G-12 

115,000 

13.80 

G-i3 

79,700 

12.70 

G-14 

96,200 

x2.  20 

II* 

H-l 

276,000 

33.00 

H-3 

280,000 

32.  10 

H-2 

274,000 

31.20 

H-4 

288,000 

33.  20 

H-U 

276.000 

31.20 

H-5 

268,000 

33.60 

H-12 

280,000 

33.00 

H-6 

282,000 

32.80 

Avg 

276,500 

32.  14 

H-7 

274,  000 

33.40 

H-8 

274,000 

33.  80 

H-9 

296, 000 

34.  00 

II-  1C 

277,000 

33.50 

11-13 

284,000 

32.40 

H-14 

291,000 

32.80 

II- 15 

272,  000 

31.60 

11-16 

271,000 

32.80 
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TABLE  III  (Continued) 


Panel 


Spec 

No. 


Control  Specimens 

Flexural  Str. , 
psl 


Specimens  from  Damaged  Areas 


Flexural  Mod¬ 
ulus,  psl  x  I0e 


Spec. 

No. 

Flexural  Str. , 
psl 

Flexural  Mod¬ 
ulus,  psi  x  106 

1-3 

151,000 

1?  90 

1-4 

147, 000 

20.  70 

1-5 

141,000 

19.  80 

1-6 

157,000 

19.80 

1-7 

156,000 

19.40 

1-10 

150,  000 

20.20 

1-11 

155,000 

20.00 

1-12 

155,000 

19.  90 

1-15 

139,000 

1ft.  7ft 

1-16 

116,500 

16.00 

1-17 

60, 100 

— 

1-18 

88,000 

13.00 

1-13 

126,500 

18.70 

I* 


1-1 

157,500 

19.70 

1-2 

152,200 

20.  00 

1-8 

155,000 

19.  20 

r,-9 

158, 50C 

19.60 

1-13 

149,000 

20.20 

1-14 

136,000 

20.40 

Avg 

154,400 

19.  74 

♦Test  span  V/?«  2.  00  inches  for  Panels  A,  B,  C,  and  G,  and  2.  50  inches  for  Panels  H  and  I. 
Reported  values  are  based  on  a  normalized  thickness  of  0.  005  Inch  pei  ply  on  laminates  oriented 
(44%-0°,  44%-+45°,  12%-90°). 
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TABLE  IV 

RESULTS  OF  LIGHTNING  DISCHARGE  TESTS  AT  THE  GENERAL  ELECTRIC 
FACILITY  IN  PITTSFIELD,  MASSACHUSETTS 


r 

Specimen 

Skin  Thickness, 

No. 

(2) 

inches 

Test  Description  and  Results 

Lightning  Discharge  Test  Setup 

BR  109-3 

0.250 

Specimen  before  exposure  to  lightning  discharge 

! 

1 

r 

49-KA  strike  on  side  2  (upper  lef'.i 

73-KA  strike  on  side  2  (upper  right) 

111-KA  strike  on  side  2  (lower  left.) 

111-KA  strike  on  side  2  (edge  view  shows  charring) 
168-KA  strike  on  side  2  (extensive  damage  on  face) 
168-KA  strike  cn  s<de  2  (edge  showing  core  damage) 
149-KA  strike  on  side  1  (penetration  of  skin  and 
extensive  damage) 

BR  109-1 

88-KA  and  134-KA  strikes  on  side  1  (extensive 

face  damage  and  penetration  after  134-KA  Ptrike) 
Same  specimen-reverse  side  (charring  at  ground 
areas) 

84-KA  and  111-KA  strikes  on  side  2  (light  surface 

1 

r 

1 

r 

pitting) 

BR  103-3 

0.045 

107-KA  strike  on  side  1  (considerable  pitting  and 

1 

r 

charring) 

Same  specimen  with  charring  on  far  side 

73-KA  strike  on  side  1  (extensive  damage  and  core 
b'ow-out  at  edge) 

Same  specimen  showing  edge  detail 

Reverse  side  with  further  edge  charring 

BR  108-1 

107-KA  strike  on  side  2  (deep  hole  In  honeycomb 

J 

core) 

Same  specimen  (edge  view  showing  charring) 

BR  108-3 

Setup  in  which  the  specimen  is  net  grounded 

directly  but  is  laid  up  on  insulators 

72-KA  strike  on  side  2  (penetration  and  edge 

1 

f 

1 

f 

charring) 

BR  108-3 

0.  045 

Same  specimen-reverse  ride  (shows  spark  exit) 

72-KA  strike  on  same  side  using  grounded 
connection 

BR  103-1 

Aluminum  mash  specimen  with  154-KA  and  203-KA 

strikes  (minor  face  damaget 

Edge  of  same  specimen  showing  se-ere  delamination 
of  skin  from  core 
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FIG.  Vi  -  TKSt  SPECIMEN  PATTERN  OF  PANEL  A 


FIC*  20  -  TEST  SPECIMEN  PAT'i'ERR  .OF-  PAHEL  I 


given  an  0.  003  to  0.  006-inch-thick  coating  of 
silver-epoxy  conductive  paint.  The  BR  103-1 
panels  had  an  aluminum  mesh  laminated  on  or.e 
surface.  The  test  plan  involved  a  gradual  increase 
in  the  lightning  current  with  successive  shots  on 
one  sidi  of  the  specimen  until  severe  damage  had 
occurred.  The  lightning  current  world  then  be 
reduced  by  about  25, 000  amperes  before  exposing 
the  other  side  of  the  panels.  The  test  setup  is 
shown  on  Figure  23  and  22.  Some  of  the  exposed 
panels  are  shown  in  Figures  23  through  28.  The 
test  results  are  listed  on  Table  IV. 

The  test  results  indicate  that  thick  boron- 
epoxy  skins  resist  lightning-strike  damage  better 
than  thin  boron-epoxy  skins  and  that  the  thickness 
and  density  of  the  aluminum  honeycomb  core  have 
little  effect  on  the  degree  of  damage  sustained  by 
sandwich  panels.  Repeated  lightning  strikes,  even 
of  a  lower  magnitude  than  those  used  in  the  General 
Electric  Tests,  cause  cumulative  damage  which 
tends  to  propagate  through  the  aluminum  honey¬ 
comb  core  normal  to  the  lightning  strike  direction. 
The  silver-epoxy  conductive  paint  is  not  as  effective 
in  providing  protection  against  lightning  strikes  as 
aluminum  foil  or  spray.  Aluminum  mesh  protects 
borc,\-epoxy  surfaces  but  did  not  prevent  delami¬ 
nation  of  the  boron-epoxy  skins  from  the  honeycomb 
core  for  the  one  panel  used  In  this  study. 

TEST  PROGRAM  FOR  F-14A  HORIZONTAL 
STABILIZER 

The  purpose  of  this  program  for  the  actual 
flight  component  was  to  develop  the  lightest  weight 
design  to  adequately  protect  the  boron  composite 
skin  from  lightning  strike  damage  and  satisfy  the 
lightning  protection  requirements  of  Military 
Specification  M1L-B-5087B. 

The  lightning  test  program  was  conducted  on  a 
f'Ul- scale  horizontal  stabilizer  and  representative 
stabilizer  designs  fabricated  by  Grumman.  Each 
configuration  tested  depicted  the  lightning  protec¬ 
tion  system  as  It  would  be  incorporated  onto  a 
production  horizontal  stabilizer.  The  tests  were 
conducted  at  the  Lightning  and  Transient  Research 
Institute  (LTRI)  Miami,  Florida  facility  and 
Included  the  following  protection  schemes: 

TEST  CONFIGURATIONS 

•  No  protection  over  boron  skin  (see  Figure 
29). 

•  0. 008"  thick,  aluminum  foil  over  the  entire 
outboard  1/3  of  the  boron  skin.  1"  wide, 

0. 008"  thick,  aluminum  strips  spaced  1" 
apart  over  the  middle  1/3  of  the  boron  skin 
and  1"  wide,  0.  008"  thick,  aluminum  strips 
spaced  2"  apart  over  the  inboard  1/3  of  the 


boron  skin.  See  Figure  30. 

•  1"  '.vide,  0. 008"  thick,  conductive  paint 
strips  spaced  2"  apart  over  the  inboard  1/3 
of  the  boron  skin  and  1"  apart  over  the 
remaining  2/3  of  the  boron  skin.  See 
Figure  31. 

v  2"  wide,  0. 004"  thick,  aluminum  strips 
spaced  2  1/4"  apart.  See  Figure  32. 

•  1"  wide,  0. 008"  thick,  aluminum  strips 
spaced  2  1/2"  apart  over  the  boron  skin. 

See  Figure  33. 

•  1"  wide,  0. 008"  thick,  aluminum  strips 
spaced  3"  apart  over  the  boron  skin.  See 
Figure  34. 

•  1"  side,  0. 008"  thick,  aluminum  strips 
spaced  4"  apart  over  the  boron  skin.  See 
Figure  35. 

•  1"  wide,  0. 008"  thick,  aluminum  strips 
spaced  5"  apart  over  the  boron  skin.  See 
Figure  36. 

NOTES:  (1)  Aluminum  used  was  type 
2024-T81. 

(2)  Conductive  paint  used  was  a 
silver  filled  epoxy,  Hysol 
4238/3475. 

TESTS  PERFORMED 

The  tests  consisted  of  (1)  High  Voltage  Strike  - 
Without  Windstream,  (2)  High  Voltage  Swept 
Stroke  -  With  Windstream,  (3j  High  Current 
Damage  and  (4)  Electrical  Bonding  Resistance 
Measurements. 

HIGH  VOLTAGE  STRIKE  -  WITHOUT  WINDSTREAM 

These  tests  were  performed  as  illustrated  in 
Figure  37.  The  tests  consisted  of  firing  high 
voltage  discharges,  from  nine  predetermined 
locations,  to  determine  where  approaching  (direct) 
lightning  strikes  attach  to  the  horizontal  stabilizer. 
The  number  of  discharges  fired  at  the  test  con¬ 
figuration  and  locations  were  determined  by 
analysis,  utilizing  the  spacing  between  protection 
strips  as  a  reference. 

HIGH  VOLTAGE  SWEPT  STROKE  -  WITH  WIND- 
STREAM 

These  tests  were  performed  as  illustrated  in 
Figures  38  and  39.  The  tests  consisted  of  firing 
multiple  discharges,  initiated  at  the  stabilizer 
leading  edge  in  e  130-mph  airstream,  to  determine 
where  the  initial  and  restrike  components,  of  a 
swept  stroke,  impinge  upon  the  horizontal  stabi¬ 
lizer.  The  number  of  discharges  fired  at  the  test 
configuration  was  determined  by  analysis,  utilizing 
the  spacing  between  protection  strips  as  a  reference. 
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Figure  22 

BR-109-3  Specimen  Before  Exposure  to  Lightning 
Discharge. 
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Figure  23 


RR-109-3  Specimen  Arier  Exposure  to  U9KA  Dis¬ 
charge. 


Eclge  View  of  BR-109-3  Specimen  After  Exposure  to 
111-KA  Discharge  Showing  Charring  on  Honeycomb  Core. 
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Figure  25 


3R -109-3  Spe  imen  After  Exposure  to  149KA  Dis¬ 
charge  Showing  Skin  Penetration. 


Figure  26 


Edge  Damage  to  BR-103-3  Specimen  After  Exposure 
to  73KA  Discharge. 
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Figure  27 

BR-108-1  Specimen  After  Exposure 
to  107  KA  Discharge. 


Figure  28 

BR- 103-01  Specimen  After  Exposure  to  154  and  203 
KA  Discharges  -  Showing  Severe  Delamination  hut  no 
Surface  Damage  (Specimen  with  wire  mesh  on  surface). 
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FIGURE  31 


FIGUHE  33 


FIGURE  36 
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TEST  SETUP:  HIGH  VOLTAGE  S TRUCE  STUDY  -  WITHOUT  WINDS TREAM 


FIGURE  37 


400 


401 


HIGH  CURRENT  DAMAGE 

These  tests  were  performed  as  tllsistrated  in 
FIguie  40,  The  test  consisted  of  firing  high 
current  dischaiges  at  the  attachment  points 
observed  during  the  High  Voltage  Strike  Study 
(Without  Windstream)  and  Hig,*  Voltage  Swept 
Stroke  Study  (With  Wlnd3tro»rn>  to  determine  If 
lightning  strike  damage  would  result. 

ELECTRICAL  Bl  NDING  RESISTANCE  MEASURE¬ 
MENTS 

These  measurements  were  perfumed  as 
Illustrated  In  Figure  41.  The  test  determine  the 
resistance  across  the  meta!-to-metal  joints  of  the 
horizontal  stabilizer. 

TEST  RESULTS 

A  summary  of  the  test  results  Is  presented 
below: 

«  The  horizontal  stabilizer,  with  no  protec¬ 
tion  over  the  bo-on  skin,  failed  to  provide 
adequate  lightning  protection  for  the 
exposed  boron  area.  Thirty  strikes  were 
Initiated  to  the  stabilizer.  Fourteen  hit  the 
metal  periphery,  thirteen  hit  the  exposed 
boron  area  and  three  missed  the  stabilizer 
completely.  The  results  of  thl3  test  are 
depleted  in  Figures  42  and  43, 

•  The  horizontal  stabilizer,  with  0.  003  Inch 
thick,  aluminum  foil  cover  over  the  out¬ 
board  l/3  of  the  boron  sk'.n  one  inch  wide, 
0. 008  inch  thick,  aluminum  strips  spaced 
one  inch  apart  over  the  middle  1/3  of  the 
boron  skin  and  one-inch-wide,  0.  008  Inch 
thick,  aluminum  strips  spaced  2  inches 
apart  over  the  inboard  1/3  of  the  Doron 
skin,  provide  adequate  lightning  protection 
for  the  exposed  boron  area.  Thirty  strikes 
were  Initiated  to  th  stabilizer.  Ten  hit 
the  metal  periphery,  fourteen  hit  the 
aluminum  strips  and  three  missed  the 
stabilizer  completely.  No  strikes  hit  the 
exposed  boion  area.  The  lesults  of  this 
test  are  depicted  In  Figures  45  and  40. 

•  The  horizontal  stabilizer,  with  one  inch 
wide,  0.008  inch  thick,  conductive  paint 
strips  spaced  2  inches  apart  over  the  in¬ 
board  1/3  of  the  boron  skin  and  one  inch 
apart  over  the  remaining  2/3  of  the  boron 
skin,  failed  to  provide  adequate  lightning 
protection  for  the  exposed  boron  area.  The 
High  Voltage  Strike  Study  (Without  Wind- 
stream)  was  not  completed  because  the  con¬ 
ductive  paint  strips  could  not  protect  the 
boron  skin  from  the  high  voitage,  low 
current  discharges  (17,000  amps  peak). 


c  The  horizontal  stabilizer  design  with  2 
inch  wide,  0.  004  Inch  thick,  aluminum 
strips  spaced  2  i/4  Inches  over  the  boron 
skin,  provided  adequate  lightning  protec¬ 
tion  for  the  exposed  boron  area.  Twenty- 
eight  strikes  were  Initiated  and  twenty- 
eight  discharges  lilt  tne  aluminum  strips. 

No  strikes  hit  the  boron  area.  The  results 
of  this  test  are  depicted  In  Figure  46. 

«  The  horizontal  stabilizer  with,  one-inch 
wide,  0.  008  inch  thick,  aluminum  strips 
spaced  2  1/2  inches  apart  over  the  boron 
skin,  provided  adequate  lightning 
protection  for  the  exposed  boron  area.  Or.e 
hundred  and  twenty  six  strikes  were 
initiated  to  the  stabilizer.  Forty-six  hit 
the  metal  periphery,  sixty-3ix  hit  the 
aluminum  strips  and  fourteen  missed  the 
stabilizer  completely.  No  strikes  hit  the 
exposed  boron  area. 

•  The  horizontal  stabilizer  w'th  one-ineb 
wide,  0.  008  inch  thick,  aluminum  strips 
spaced  3  inches  apart  over  the  boron  skin, 
failed  to  provide  adequate  lightning 
protection  for  the  exposed  boron  area.  One 
hundred  and  eight  strikes  were  initiated  to 
the  stabilizer.  Fifty-two  hit  the  metal 
perioher, ,  thirty-seven  hit  the  aluminum 
strips,  sever,  hit  the  exposed  boron  area 
and  twelve  missed  the  stabilizer  completely. 

•  The  horizontal  stabilizer,  with  one-inch¬ 
wide,  0.  008  inch  thick,  aluminum  strips 
spaced  4  inches  apart  over  the  boron  skin, 
failed  to  provide  adequate  lightning  pro¬ 
tection  for  the  exposed  boron  area.  One 
hundred  and  thirty-five  strikes  were 
initiated  to  the  stabilizer.  Fifty  hit  the 
metal  periphery,  fifty-seven  hit  the 
aluminum  strips,  thirteen  hit  the  exposed 
boron  area  and  fifteen  missed  the  stabilizer 
completely. 

•  The  horizontal  stabilizer,  with  one-inch¬ 
wide,  0.008  Inch  thick,  aluminum  strips 
spaced  5  inches  apart  over  the  boron  skin, 
failed  to  provide  adequate  lightning  pro¬ 
tection  for  the  exposed  boron  area.  One 
hundred  and  st:.ty-two  strikes  were 
initiated  to  the  stabilizer.  Seventy-four 
hit  the  metal  periphery,  thirty -nine  hit  the 
aluminum  strips,  thirty-one  hit  the  exposed 
boron  area  nnd  eighteen  missed  the 
stabilizer  completely. 

•  The  resistance  measurements  performed 
across  the  metsl-to-metal  joints  of  the 
horizontal  stabilizer  were  satisfactory  and 
less  than  the  maximum  allowable  value  of 
0.  0025  ohm. 


403 


405 


200  kiloampere  discharge  to  unprotected  side  of  stabilizer  produces  half-inch  hole 
delamination. 


'  »  j 


Figure  44  -  Photograph  of  high  voltage  long  arc  discharge  to  protected 
tide  of  Boron  stabilizer. 
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Figure  45  -  Swept  stroke  discharges  produces  light  pitting  of  metal  protection  strips. 
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CONCLUSIONS 

Based  on  the  results  of  this  test,  the  following 
is  concluded: 

•  Five  protection  schemes  (one  inch  wide, 

0.  G08  inch  thick,  aluminum  strips  spaced 
either  1,  1  1/2,  2,  or  2  1/2  inches  apart 
and  2  Inches  wide,  0. 004  inch  thick, 
aluminum  strips  spaced  2  1/4  Inches  apart) 
were  developed  for  use  on  the  F-14A 
horizontal  stabilizer  which  provide  ade¬ 
quate  protection  from  lightning  strike 
damage  and  satisfy  the  requirements  of 
MIL-B-5C87B. 

•  The  lightest  weight  scheme  consists  of  2 
inch  wide,  0. 004  inch  thick,  aluminum 
strips  spaced  2  1/4  Inches  apart. 

•  The  aluminum  strip  protection  schemes 
utilizing  3,  4  and  5  inch  spacing  failed  to 
provide  adequate  lightning  protection  and 
meet  the  requirements  of  MIL-B-5G87B. 

•  The  conductive  paint  protection  scheme  was 
demonstrated  to  be  totally  inadequate. 

•  The  final  horizon'al  stabilizer  design 
complies  with  the  electrical  bonding  re¬ 
quirements  of  MIL-B-5087B, 

The  lightning  protection  scheme  developed  for 
the  F-14A  horizontal  stabilizer  as  a  result  of  the 
test  program  as  shown  on  Figure  47,  consists  of 
placing  2  inch-wide,  0.  004  inch-thick,  aluminum 
strips  spaced  2  1/4  inches  apart  over  the  boron 
skin  on  both  the  upper  and  lower  skins. 
Tests  were  not  made  on  stabilizers  hav¬ 
ing  strips  protected  with  exterior 
coatings. 
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ABSTRACT 

In  previous  sessions,  you  have 
heard  presentations  on  nature's  natural 
phenomena  of  static  electricity  "Light¬ 
ning"  and  electrostatic  build  up  on 
space  vehicles  and  aircraft.  This 
session  will  be  devoted  to  electro¬ 
static  charging  of  fuel  during  handling 
and  the  hazards  associated  with  a  wide 
variety  of  varying  parameters,  which 
are  constantly  changing  with  the  advent 
of  new  materials  and  large  volume  air¬ 
craft  receipts.  These  include  the  74? 
and  C-5A  types  of  aircraft. 

Static  electricity  is  as  old  as 
mankind  and  received  little  attention, 
until  the  first  catastrophic  incident 
in  the  petroleum  industry,  which 
appeared  to  be  from  an  unknown  source. 

It  was  then  the  petroleum  industry 
devoted  total  efforts  as  a  matter  of 
self-survival  and  today,  extensive 
studies  are  being  made  by  botn  industry 
and  government  activities.  The  incend¬ 
iary  ignition  mechanism  of  explosive 
mixtures  chooses  no  boundries  and  is  a 
mutual  problem  to  both  industry  and 
government . 

For  years  the  results  of  explo¬ 
sions  due  to  static  elcotiicity  were 
based  on  so  called  "old  wives  tales" 
and  in  19F8  a  concentrated  effort  was 
mustered  by  Dr.  Klipkenberg,  the  author 
of  a  bible  of  standards  in  the  field  of 
static  electricity.  No  records  of  any 
consequence  were  maintai-ed  as  to  where 
an  event  occurred  and  what  type  equip¬ 
ment  that  was  involved  until  1960.  At 
this  time,  the  American  Petroleum 
Institute  (API)  formed  the  Static  Elec¬ 
tricity  Committee  who  compiled  incident 
reports  with  supporting  data. 

Following  World  War  II,  the 
development  of  the  turbo  jet  engine 
type  aircraft  resulted  in  research  for 
a  new  type  and  moie  readily  available 
high  energy  jet  fuel  for  these  aircraft. 
This  set  the  stage  for  a  new  set  of 
standards  for  the  safe  handling  of 
these  types  of  fuels.  Aircraft  were 
being  lost  on  the  ground  during  fuel 
servicing,  but  other  problems  were 
manifested  which  were  resulting  in  the’ 
losses  of  bulk  storage  tankage,  barges, 
railroad  tankers,  seagoing  tankeri  , 


and  refueling  vehicles  (transport 
trucks)  as  a  result  of  explosions  due 
to  sparking  of  the  fuel  in  the  vapor 
space  above  the  liquid. 

New  techniques  were  developed  for 
the  safe  handling  of  jet  fuel  because 
of  its  different  characteristics  in 
electrical  conductivities  versus  avia¬ 
tion  gasoline  with  tetra-ethyl-lead 
(TEL).  Certain  types  of  jet  fuel  were 
more  prone  to  electrostatic  generation. 
JP-4  jet  fuel  in  layman's  language  is 
a  SO-SO  blend  of  kerosene  and  straight 
run  gasoline.  By  the  verv  nature  of 
jr-4's  electrical  properties,  it  re¬ 
stricts  flow  velocities  to  a  maximum 
of  7  Ft/Sec,  requires  assured  electri¬ 
cal  interconnection  of  handling  systems 
and  a  30  second  minimum  relaxation  tiff¬ 
in  ferrous  metal  systems.  New  electro¬ 
static  charge  relaxing  methods  have 
been  developed  and  some  are  currently 
under  extensive  testing.  These  proce¬ 
dures  were  to  reduce  generated  charges 
to  c  safe  level  in  relationship  to  the 
discharge  from  the  f l lter/separator . 
which  in  itself  is  "prolific  static 
generator . " 

In  this  session,  you  will  be  pre¬ 
sented  a  full  spectrum  analysis  of  the 
electrostatic  charging  characteristic 
of  flowing  hydrocarbon  fuels  in  fixed 
and  servicing  systems  with  measures  for 
retardation  of  these  charges,  design 
criteria  utilizing  new  state-of-the-art 
materials,  res-arch  and  development , 
and  trends  of  jet  fuels  of  the  future. 
As  your  session  chairman  and  organizer, 
I  have  assemblied  the  most  knowledge¬ 
able  gentlemen  in  the  world  on  the 
subject  of  electrostatics.  They  are 
recognized  as  piofessional  experts, 
my  only  regret  is  that  we  will  cover 
many  subjects  in  such  a  short  period. 
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ABSTRACT 

A  survey  is  presented  on  the 
subject  of  the  generation  and  dissi¬ 
pation  of  electrostatic  charge  during 
aircraft  fueling.  The  types  of  dis¬ 
charges  that  can  take  place  inside  of 
aircraft  fuel  tanks  during  fueling  are 
described  and  methods  of  eliminating 
discharges  are  discussed. 

GENERATION  Of  ELECTROSTATIC  CHARGE  by 
hydrocarbon  liquids  has  long  been 
recognized  as  a  potential  hazard  by 
the  petroleum  industry.  In  1958 
Klinkenberg  and  van  der  Minne  (1)* 
published  an  excellent  monograph  on  the 
subject  including  a  review  of  research 
conducted  by  Royal  Dutch/shell  which 
led  to  the  development  of  an  antistatic 
additive  suitable  for  use  in  turbine 
and  other  fuels.  Other  segments  of  the 
petroleum  industry  have  also  been  active 
in  research  on  electrostatics,  spurred 
on,  no  doubt,  by  a  number  of  fires  and 
explosions  involving  tank  trucks,  air¬ 
craft  and  tankers.  According  to  r 
recent  survey  (2)  covering  the  period 
1960-1969,  there  were  116  fires  result¬ 
ing  from  static  electricity  generated 
by  the  fuel  during  tank  truck  loadings. 
Over  the  same  period,  there  were  33 
incidents  involving  aircraft;  12  of 
which  involved  aviation  gasolene,  15 
with  JP-4  and  1  with  kerosine  (3). 

Since  then,  two  more  explosions  have 
occurred  while  fueling  commercial  air¬ 
craft  with  kerosine  (4).  The  latter 
incidents  took  place  within  a  period  of 
seven  months  at  the  same  airport  and 
involved  the  same  type  of  aircraft. 
Although  a  number  of  fires  of  suspected 
electrostatic  origin  have  taken  place 


while  loading  tankers  with  petroleum 
products  (5),  recent  explosions  aboard 
three  very  large  crude  carriers  during 
tank  cleaning  operations  (6)  have 
intensified  interest  in  electrostatic 
charge  generation. 

The  purpose  of  this  survey  is  to 
review  the  state-of-the-art  on  the 
subject  of  electrostatic  charge 
generation  as  related  to  aircraft  fuel¬ 
ing.  Although  a  number  of  reviews  on 
the  subject  have  been  written  (4,7,8, 
9,10,11,12),  this  survey  will  endeavor 
to  present  an  in-depth  study  of  those 
aspects  of  the  problem  which  deal 
specifically  with  aircraft  fueling. 

THE  PROBLEM 

Whenever  a  hydrocarbon  liquid, 
such  as  a  jet  fuel,  flows  with  respect 
to  another  surface,  a  charge  is 
generated  in  the  liquid.  Although  the 
exact  nature  of  the  charging  mechanism 
is  not  ..umpletely  understood,  it  is 
generally  held  that  the  charge  is  due 
to  ionic  impurities  present  in  the 
hydrocarbon  in  parts-per-million  or 
parts-per-billion  quantities.  When  the 
fuel  is  at  rest,  the  impurities  are 
adsorbed  at  the  interface  between  the 
fuel  and  the  walls  of  the  container, 
with  one  part  of  the  ionic  material 
showing  a  rather  strong  attachment  for 
either  the  fuel  or  the  solid  surface. 
This  type  of  attachment  is  illustrated 
in  Figure  la  which  shows  fuel  in  con¬ 
tact  with  the  wall  of  a  pipe.  In  this 


*  Numbers  in  parentheses  designate 
References  at  end  of  paper. 
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fuel  flows  through  pipe 


example,  the  negative  portion  of  the 
ionic  material  is  depicted  as  being 
more  strongly  attracted  to  the  solid 
surface,  but  since  the  numbers  of 
positive  and  negative  charges  are 
equal,  there  is  no  net  charge  on  tne 
fuel.  However,  when  the  fuel  begins 
to  flow  (Figure  lb),  the  positive 
charges  are  swept  along  by  the  fuel 
while  the  negative  charges  leak  to 
ground.  Thus,  the  fuel  acquires  a  net 
positive  charge  as  it  moves  through  the 
system.  In  a  similar  manner,  the  fuel 
would  receive  a  negative  charge  if  the 
positive  portion  of  the  ionic  material 
were  preferentially  adsorbed  at  the 
solid  surface. 

When  the  charged  fuel  is  loaded 
into  a  receiving  tank,  either  of  two 
possibilities  will  occur:  (1)  the 
charge  will  relax  harmlessly  to  the 
walls  of  the  tank  or,  (2)  if  the  con¬ 
ductivity  of  the  fuel  is  sufficiently 
iow,  the  charge  may  accumulate  giving 
l'se  to  high  potentials  on  the  fuel 
suiface.  If  somewhere  in  the  tank  the 
local  potential  exceeds  the  breakdown 
value  for  the  vapor  space,  a  discharg* 
will  occur.  Whether  or  not  the  vapor 
will  ignite  depends  on  the  composition 
of  the  vapor  and  the  nature  of  the 
discharge. 

CHARGE  GENERATION  DURING  AIRCRAFT 
FUELING 

The  situation  with  respect  to 
aircraft  fueling  presents  a  somewhat 
more  complicated  picture  tnan  flow 
through  a  pipe  due,  primarily,  to  the 
use  of  filter/separators  and  fuel 
monitors  which  greatly  increase  the 
level  of  charge  on  the  fuel.  A  typical 
aircraft  fueling  operation  is  illus¬ 
trated  in  Figure  2  together  with  an 
indication  of  the  level  of  charge  on 
the  fuel  as  it  passes  through  each 
piece  of  equipment.  Since  charge 
separation  is  a  surface  effect  and 
since  f ilter/aeparators  provide  a 
tremendous  amount  of  surface  area  upon 


which  charge  separation  can  take  place 
in  a  comparatively  short  period  of 
time,  the  level  of  charge  on  the  fuel 
emerging  from  the  f ilter/3eparator  may 
be  increased  by  a  factor  of  100  or 
more  as  compared  with  flew  through 
the  hydrant  line.  A  more  detailed 
illustration  of  the  charge  separation 
process  in  a  typical  two-stage  filter/ 
separator  is  presented  in  Figure  3. 

The  first  stage,  the  filter-coalescer, 
removes  dirt  and  coalesces  water.  The 
coalescer  may  charge  the  fuel  positive¬ 
ly,  as  shown  in  the  figure,  or  nega¬ 
tively.  The  second  stage,  the  water 
separator,  allows  the  fuel  to  pass  but 
causes  the  coalesced  water  to  settle 
out.  The  coalescer  may  increase  the 
charge  on  the  fuel,  as  indicated  by 
Type  A  in  the  figure,  or  decrease  it, 
as  shown  by  Type  B.  The  use  of  two 
different  types  of  filter  media,  each 
of  which  places  th-'  opposite  sign  of 
charge  on  a  fuel,  has  been  demonstrated 
on  a  laboratory  scale  as  a  means  of 
neutralizing  cha.ge  on  a  fuel,  but  full 
scale  tests  have  not  been  carried  out 
(13).  The  unpredictable  and  sometimes 
variable  nature  of  the  charging  process 
in  field  tests  would  militate  against 
the  success  of  this  method  of  charge 
reduction. 

The  level  of  charge  on  a  fuel 
coming  out  of  a  filter  separator,  or 
at  any  point  in  the  system,  can  be 
determined  by  placing  a  charge 
measuring  device,  such  as  the  AO  Smith 
Change  Measuring  System  (14),  in  the 
line.  This  device  measures  the  charge 
density  in  the  fuel,  Q,  from  which 
the  streaming  current  can  be  calculated 
from  the  following  equations  (12): 

i=Qv,  (1) 

where  i  =  Streaming  current 

(microamperes,  pA) 

Q  =  Charge  Density 

(microcoulombs/ 
meter3 ,  pC/m3 ) 
v  =  Volumetric  Flow  Rate 
(meter3/second, 
m3/sec) 
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The  charge  density  is  a 
function  of  flow  rate  (v) ,  the 
area  (A) ,  and  the  character¬ 
istics  (X)  of  the  fuel/surface 
interface,  i.e., 

Q=f(v,A,X>  (2) 

The  factor,  X,  represents  the 
charging  tendency*  xt  is  an 
unpredictable  factor  3ince  it 
depends  on  both  the  type  of 
ionizable  materials  in  the  fuel 
and  the  properties  of  the  sur¬ 
face  presented  to  the  fuel. 

The  equations  predict  that  for  a 
given  fuel  with  a  particular  set  of 
coalescer  and  separator  cartridges, 
the  charge  density  on  the  fuel  should 
increase  with  flow  rate  as  shown  in 
Figure  4.  While  this  statement  is 
generally  true,  conflicting  results 
have  been  obtained  m  some  field  tests 
(Figure  5),  in  which  the  performance 
of  various  filters  were  compared  (4). 
Obviously,  the  nature  of  the  filter 
surface  is  an  important  factor  in 
charge  generation. 

As  stated  '.cove,  the  charging 
tendency  of  a  fuel  depends  on  the  type 
of  ionizable  materials  in  the  fuel. 
Since  the  electrical  conductivity  of 
the  fuel  also  depends  on  the  presence 
of  iorre  material  it  would  seem  that 
the  charging  tendency  of  the  fuel 
should  also  be  related  to  its  electri¬ 
cal  conductivity,  indeed  it  has  been 
shown  that  such  a  relationship  doer 
exist,  at  least  ir  simple  systems  in¬ 
volving  a  single  hydrocarbon  liquid 
containing  known  amounts  of  specific 
ionic  compounds.  For  example,  it  has 
been  shown  that  for  n-heptane  contain¬ 
ing  various  amounts  of  polar  additives, 
the  magnitude  of  the  streaming  current 
is  dependant  upon  the  conductivity  of 
the  hydrocarbon  over  a  wide  range  of 
conductivity  values  (16)  -  see  Figure  6. 
In  these  experiments,  which  -were 
conducted  in  stainless  steel  tubes, 
the  sigr.  of  the  streaming  current  was 


found  to  vary  with  the  chemical  nature 
of  the  polar  additive,  i.e.,  alcohols, 
acids,  nitrobenzene  and  an  antistatic 
additive  (ASA-1)  produced  positive 
currents,  whereas  ketones,  esters  and 
amines  gave  negative  currents.  How¬ 
ever,  at  a  given  conductivity  level , 
the  magnitude  of  the  streaming  current 
was  the  same,  regardless  of  the  nature 
of  the  polar  additive. 

Fuels  present  a  much  more  compli¬ 
cated  picture  than  single  compounds 
since  they  consist  of  a  wide  variety 
of  hydrocarbon  types  and  may  contain 
a  number  of  polar  additives  and 
impurities  which  can  alter  the  charg¬ 
ing  behavior  in  an  unpredictable 
fashion.  Also,  the  nature  of  the 
surface  upon  which  the  charge  separa¬ 
tion  takes  place  has  an  effect  on  both 
the  magnitude  cf  the  charge,  as  shown 
in  Figure  5,  and  the  sign.  With  JP-5 
fuel  containing  an  antistatic  additive 
ir  was  found  that  the  sign  of  the 
charge  on  the  fuel  passing  through  a 
resin-bonded  fiber  glass  filter  could 
be  reversed  by  baking  the  resin  coat¬ 
ing  off  the  filter  to  expose  the 
clean  glass  surface  (13)  -  see  Figure 
7. 

The  above  tests  were  conducted 
in  a  laboratory-scale  apparatus  where 
it  is  a  relatively  simple  matter  to 
contiol  fuel  conductivity  and  filter 
materials.  In  full-scale  tests  in 
which  JP-4  ar.d  JP-5  fuels  of 
approximately  the  same  electrical 
conductivity  were  passed  through  the 
same  f ilter/separator,  a  considerable 
variacron  was  observed  in  tbs  charge 
density  cf  the  two  fuels  as  they 
emerged  from  the  filter  (Figure  4). 
Elsewhere,  it  has  been  reported  that 
certain  aliphatic  amines  can  increase 
the  filter  charging  of  keros ine  by  a 
factor  of  100  without  increasing  the 
conductivity  of  the  fuel  (4).  Also, 
the  presence  of  fuel  monitors  can  have 
a  profound  effect  on  the  charging 
tendency  of  a  fuel  (12).  Data  ob¬ 
tained  during  simulated  aircraft 
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Fig.  6  -  Effect  of  different  polar  additives  on  sign 
of  streaming  current  for  n-heptane  as  a 
function  of  conductivity  (16). 
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fueling  (Figure  8)  show  that  the  charge 
density  on  a  fuel  can  be  increased  by 
a  factor  of  4  to  5  when  fuel  monitors 
are  used.  The  obvious  conclusion  is 
that  the  charging  of  fuels  in  full 
scale  equipment  is  the  net  result  of  a 
number  of  uncontrollable  factors,  such 
as  the  chemical  nature  of  the  additives 
and  impurities  in  the  fuel,  as  well  as 
the  properties  of  the  surfaces  upon 
which  charge  separation  takes  place. 
Consequently,  it  is  not  possible  to 
predict  the  charging  tendency  of  a 
fuel  under  field  conditions  from  the 
known  properties  of  the  fuel. 


r  =  the  absolute  dielectric 
constant  o *  a  vacuum 
(8.854  x  10"12 
ampere  seconds/ 
volt  meter) . 

Since  charge  relaxation  is  an 
exponential  process,  it  is 
customary  to  define  relaxation 
time,  r  ,  as  the  tinv  required 
for  the  original  marge  to 
decay  to  36. r.»  of  its  original 
value: 

0. 


Q. 


=  0.368  ^  e_1 


(4) 


CHARGE  RELAXATION 

As  shown  in  Figure  2,  when  the 
fuel  emerges  from  the  filter/separator, 
tne  charge  begin*,  to  relax  or  dissi¬ 
pate.  Actually,  some  charge  generation 
takes  place  in  the  piping  downstream 
of  the  filter/separator,  but  for  short 
runs  it  is  negligible  in  comparison 
with  the  charge  generated  by  the 
filter.  The  rate  at  which  the  charge 
dissipates  depends  on  the  electrical 
conductivity  of  the  fuel  as  shown  by 
the  equation  (12) j 

-tk/f  C o 


Qt  =  Qoe 

where  Q  -  charge  after  time, 
t  (e.g.,  pC/nr*) 
Qq  =  initial  charg^ 
(e.g.,  pC/m  ) 
t  =  elapsed  time 


k  = 


(3) 


and  v  is  related  to  k  by 
following  relationship: 

,-12 


the 


r  =  f  eo  = 


17.7  x  10 


(5) 


r  18  x  10 


-12 


e  - 


varies  only  slightly 
for  hydrocarbon 
fuels  and  has  a 
value  of  about  2 


The  conductivity  of  fuels  is 
usually  described  in  tarms  of  con¬ 
ductivity  units,  CU,  or,  in  the 
International  System,  picosiemens/m, 
which  are  related  as  follows: 

1  CU  =  1  picosiemens/meter 
(pS/m)  =  10--2  Siemens/meter 
_  i0-^2  mhos/m  =  10~^-4  mhos/cm 

According  to  the  above  equation, 
the  relaxation  time  for  fuels  would  be 
expected  to  vary  with  rest  conductivity 
as  follows: 


(seconds) 

Conductivity, 

Relaxation  Time, 

=  rest  fuel  conduc¬ 

CU 

Seconds 

tivity  (mhos/m) 

0.01 

1800 

=  relative  dialectic 

0.1 

180 

constant,  a 

1.0 

18 

dimensionless 

10.0 

1.8 

quantity  which 

100.0 

0.18 

A  world-wide  survey^of  the 
electrical  conductivity  of  turbine 
fuels  showed  that  at  the  time  of  the 
survey  (1965),  43%  of  the  samples  had 
conductivities  of  less  than  1  CU  and 
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CHARGE  DENSITY,  ^C/m* 


(DATA  OBTAINED  'WITH  FUEL  CU  -  5.2) 


500  1000  1500  2000  2500  3000  3500  LPM 

FLOW  RATE 

Fig.  8  -  Effect  of  fuel  monitor  on  charge  generation  (12) 


96%  were  less  than  5  CU  (18).  These 
results  indicate  that  relaxation  times 
in  excess  of  18  seconds  would  be  re¬ 
quired  to  reduce  the  charge  on  almost 
half  of  the  turbine  fuels  to  36.8%  of 
their  original  value.  Since  the 
residence  time  of  the  fuel  in  the  hoses 
downstream  of  the  second  filter/separa¬ 
tor  in  a  typical  aircraft  fu. ling 
operation  (Figure  2)  is  at  most  only 
a  few  seconds,  the  above  data  would 
suggest  that  for  lower  conductivity 
fuels  most,  of  the  charge  generated  at 
the  filter  arrives  at  the  aircraft 
tank  unciminished.  Fortunately,  this 
is  not  always  the  case,  Bustin, et  al, 
(19)  have  rhown  that  if  the  conductiv¬ 
ity  of  the  fuel  is  less  than  1  CU, 
the  charge  relaxes  faster  than  pre¬ 
dicted  by  the  above  (ohmic)  equation. 

A  comparison  of  the  relaxation  be¬ 
havior  for  a  0.01  CU  fuel  using  both 
the  ohmic  and  Bustin' s  hyperbolic 
theories  of  charge  relaxation  is  shown 
m  Figure  9.  The  experimental  data 
points  for  the  lew  conductivity  fuel 
follow  the  hyperbolic  theory  and  show 
that  in  30  seconds,  over  70%  of  the 
charge  on  the  fuel  has  relaxed  as 
compared  with  less  than  5%  predicted 
by  the  ohmic  theory.  For  the  1.0  CU 
fuel,  the  experimental  daca  follow 
the  ohmic  theory.  Bustin ‘s  theory 
and  a  wealth  of  experience  have  shown 
that  30  seconds  relaxation  time  is 
sufficient  to  remove  most  of  the 
charge  on  a  fuel  regardless  of  its 
conductivity. 

For  practical  purposes,  neither 
Bustin 's  hyperbolic  theory  nor  the 
ohmic  equation  are  entirely  satisfactory 
for  predicting  the  rate  at  which  the 
charge  on  a  fuel  will  decay.  Bustin 's 
theory  is  inadequate  because  it  requires 
the  use  of  an  unavailable  quantity, 
namely,  the  ionic  mobility,  fo y  its 
solution.  With  the  ohmic  theory,  the 
rest  conductivity,  i.e.,  the  conductiv¬ 
ity  of  the  fuel  obtained  in  a  weak 
electrical  field  (20),  is  used  to 
calculate  relaxation  times.  Experience 


has  shown  that  when  fuel  is  in  a 
highly  charged  condition,  e.g.,  when 
emerging  from  a  filter  separator,  the 
charge  may  relax  at  a  faster  or  a 
slower  rate  than  predicted  from  its 
resc  conductivity.  According  zo  the 
data  in  Figure  10,  the  effective 
conductivity  of  the  fuel  may  differ 
by  a  factor  of  10  or  mere  from  the 
rest  conductivity.  Thus,  in  many 
cases,  re3t  conductivity  provides 
only  a  rough  indication  of  the  actual 
charge  relaxation  behavior  of  a  fuel. 
However,  at  present,  electrical 
conductivity  is  the  only  measurable 
quantity  that  provides  any  sort  of 
correlation  with  electrostatic  be¬ 
havior,  albeit  an  imperfect 
correlation. 

It  should  also  be  pointed  out 
that  the  conductivity  of  hydrocarbon 
fuels  is  not  a  constant  but  rather 
increases  with  temperature,  as  shown 
in  Figure  11.  Thus,  in  predicting 
relaxation  Dehavior  of  a  fuel,  it  may 
be  necessary  to  apply  a  correction 
factor  if  the  temperature  of  the  fuel 
in  question  is  considerably  different 
from  the  temperature  at  which  the  rest 
conductivity  was  measured.  The  data 
in  Figure  11  indicate  that  the 
conductivity  of  turbine  fuels  doubles 
with  a  temperature  increase  of 
40-50°F . 

The  amount  of  charge  on  the  fuel 
when  it  arrives  at  the  tank  of  the 
aircraft  depends  on  the  conductivity 
of  the  fuel,  the  rate  ac  which  the 
charge  is  generated  in  the  filter 
and  on  the  residence  time  of  the  fuel 
in  the  hose  downstieam  of  the  filter 
and  in  the  piping  of  the  aircraft 
(Figure  2).  Measurements  of  the  field 
strengths  developed  inside  of  a  simu¬ 
lated  aircraft  fuel  tank  while  being 
filled  with  kerosine  and  JF-4  fuel  are 
shown  in  Figure  12.  The  data  indicate 
that  the  field  strength  passes  through 
a  maximum  when  the  fuel  conductivity 
is  between  1-2  CU.  Other  tests  in¬ 
volving  a  meek  up  of  a  Vickers  Vanguard 
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Comparison  of  hyperbolic  and  ohmic  theories  in  predicting  charge 
relation  for  fuels  with  conductivities  of  0.01  and  1.0  CU. 
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Fig.  12  -  Field  strength  in  a  simulated  fuel  tank  as  a  function  of  fue 
conductivity  (7'. 
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wing  tank  show  maximum  field  strengths 
when  the  fuel  conductivity  is  in  the 
range  of  4-8  CU  (Figure  13),  with  a 
considerable  variation  in  the  field 
strength  levels  occurring  in  adjacent 
compartments  (7).  Obviously,  field 
strength  measurements  are  highly 
dependent  on  che  location  and  con¬ 
figuration  of  the  tank  as  well  as  on 
the  position  of  ^he  field  mete-.  It 
will  also  be  noted  from  a  comparison 
of  Figures  12  and  13  with  Figure  7 
that  although  the  charging  tendency 
of  the  fuel  passes  through  a  maximum 
when  the  conductivity  is  above  10  CU, 
the  maximum  field  strength  in  the 
receiving  tank  is  attained  when  tne 
fuel  conductivity  is  below  10  CU. 

The  reason,  of  course,  is  that  although 
high  levels  of  charge  may  be  generated 
at  the  filter  when  the  conductivity 
of  the  fuel  is  above  10  CU,  most  of 
this  charge  relaxes  during  the  few 
seconds  that  it  takes  for  the  fuel 
to  travel  to  the  tank  of  the  aircraft. 

DISCHARGES  IN  AIRCRAFT  FUEL  TANKS 

As  stated  above,  discharges  can 
occur  in  airciaft  fuel  tanks  if  the 
local  potential  caused  by  the  charged 
fuel  exceeds  the  breakdown  value  for 
the  vapor  space.  Actually,  two  modes 
of  discharge  are  possible  as  illus¬ 
trated  in  Figure  14:  one  involving  a 
low  energy  corona  or  spark  discharge 
from  the  fuel  surface  to  some  grounded 
projection,  and  the  other,  a  high 
energy  spark  discharge  from  some 
unbonded  charge  collector  in  the  tank. 
The  latter  is  far  more  dangerous  cir.cc 
che  entire  amount  of  charge  stored  in 
the  unbonded  collector  is  released  m 
a  single  discharge.  By  contras., 
di:  narges  from  a  fuel  surface  involve 
only  a  limited  area  due  to  low 
conductivity  of  the  fuel.  Tests  have 
shown  chat  when  an  unbonded  charge 
collector  is  introduced  into  a  simu¬ 
lated  aircraft  fuel  tank,  ’ncendiary 
spark  discharges  can  take  _lace  under 


conditions  which  failed  to  produce  an 
iqnition  in  the  absence  of  the  charge 
collector  (12).  Fortunately,  unbonded 
charge  collectors  are  seldom  found  in 
aircraft  fuel  tanks  and  consequently 
discharges  of  this  type  seldom  occur. 

If  the  tank  is  nearly  empty,  the 
inlet  device  can  also  serve  as  the 
grounded  electrode  for  discharges. 

Epark  discharges  to  the  inlet  device 
during  the  early  stages  of  filling 
have  been  reported  as  being  particular¬ 
ly  difficult  to  suppress  (21).  How¬ 
ever,  once  the  inlet  device  is  covered 
by  the  fuel,  localized  internal  dis¬ 
charges  in  t.  vicinity  of  the  inlet 
are  of  no  consequence  since  they  take 
place  under  the  fuel  surface. 

The  type  of  discharge  that 
occurs  from  the  fuel  surface,  i.e., 
whether  spark  or  corona,  depends  on 
the  configuration  of  the  electrodes 
and  the  field  strength  (22).  Since 
in  the  case  in  question,  one  of  the 
electrodes  is  some  grounded  part  of 
the  tank,  the  configuration  of  this 
electrode  can  vary  from  a  3harp  point, 
as  illustrated  in  Figure  14,  to  a  flat 
plate  as  represented  by  the  wall  or 
top  of  the  tank.  The  other  electrode, 
the  fuel  surface,  may  also  vary  from 
a  flat  surface  to  an  unspecified 
radius  of  curvature  if  a  foam  happens 
to  be  present.  In  the  extreme  case 
where  both  electrodes  (the  fuel  sur¬ 
face  and  the  roof  of  the  tank) 
resemble  parallel  elates,  the  electric 
field  between  them  is  homogeneous  and 
a  spark  discharge  will  occur  if  the 
field  strength  is  high  enough.  Most 
of  the  time,  however,  one  or  both 
of  the  electrodes  will  have  a  small 
radius  of  curvature  resulting  in  an 
inhomogereo js  electric  field.  If, 
for  example:,  one  of  the  electrodes 
is  pointed  and  the  other  a  plate, 
the  field  will  be  intensified  around 
the  point  and  drop  off  sharply  towards 
the  platu.  At  fairly  low  field 
strengths,  (ca  200  kV/m)  a  bluish 
glow  accompanied  by  an  audible  hiss. 
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both  of  which  are  characteristic  of 
corona  discharges,  car:  be  seen  on  the 
pointed  electrode.  As  tne  field 
strength  is  increased,  the  intensity 
of  the  corona  increases  up  to  a  point, 
then  becomes  silent  before  passing 
over  to  a  spark  discharge.  Thus, 
depending  upon  conditions,  either 
corona  or  spark  discharges  ->»y  be 
obtained  from  pointed  electrodes. 

Due  to  the  limited  current 
supply,  corona  discharges  from  a  fuel 
surface  usually  occur  as  sh„r  .  bursts, 
like  sparks  (9).  Each  bur3t  is  mad*, 
up  of  a  multiplicity  of  iow  energy 
(ca  20-40  pJ)  discharges  which  occur 
at  a  high  frequency  (15-80  discharges/ 
sec.'  (22).  Due  to  their  low  energy, 
corona  discharges  are  generally  con¬ 
sidered  to  be  non-ircendiary.  In  fact, 
it  has  even  been  suggested  that 
pointed  electrodes  be  placed  inside 
of  fuel  tanks  as  a  means  of  harmlessly 
reducing  excess  charge  on  the  fuel. 
However,  corona  discharges  can  become 
incendiary  if  the  current  is 
sufficiently  high  (23).  Also,  spark 
discharges  having  energies  of  the 
order  of  0.27  mJ  have  been  reported 
between  a  fuel  surface  and  a  pointed 
electrode  at  small  gaps  (22).  There¬ 
fore,  in  view  of  their  potential 
incendiary  character,  corona  discharges 
can  not  be  considered  as  an  entirely 
safe  mechanism  for  dissipating  charge 
from  a  fuel  surface. 

In  addition  to  corona,  another 
type  of  discharge  from  a  fuel  surface, 
namaly  a  prebreakdown  streamer,  has 
been  identified  (22).  The  streamers 
resemble  spark  discharges  in  that 
they  are  single,  discrete  discharges 
and  are  visible  in  a  darkened  room. 
However,  at  a  given  gap  width, 
streamers  htvS  only  about  1/37  of  the 
energy  of  a  spark  discharge  and  Hence, 
are  less  likely  to  cause  an  ignition. 
More  complete  descriptions  of  dis¬ 
charges  from  a  fuel  surface  may  be 
found  m  (references  9,21  and  22). 

A  typical  plot  showing  the  field 
strength  developed  inside  an  aircraft 


fuel  tank  during  fueling  is  presented 
in  Figure  15.  The  field  strength 
reaches  a  maximum  when  the  tank  is 
fijled  and  then  begins  to  decrease. 

The  second  peak  corresponds  to  a 
localized  condition  in  which  a  patch 
of  highly  charged  fuel  readies  che 
suiface.  Although  the  field  strength 
inside  of  the  tank  usually  reaches  a 
maximum  when  the  tank  is  filled  or 
shortly  thereafter,  it  doesn't  follow 
that  the  maximum  sparking  hazard  occurs 
at  this  time.  Quite  the  contrary, 
since  in  at  least  two  of  the  incidents 
i.nvloving  commercial  jet  aircraft, 
explosions  occurred  during  the  first 
half  of  the  filling  operation.  Also,  as 
mentioned  above,  ir.  simulated  air¬ 
craft  tank  studies,  discharges  were 
reported  during  the  early  stages  of 
filling  ,21).  The  reason  for  the 
discrepancy  is  that  the  field  of  vision 
of  the  field  strength  meter  includes 
areas  of  low  and  high  charge.  The 
meter  displavs  the  average  field 
strength  within  its  field  of  view,  not 
the  minimum  or  maximum.  Thus,  it  is 
not  surprising  that  although  the 
breakdown  value  for  a  spark  discharge 
in  air  is  3000kV/m,  visible  sparks  hav¬ 
ing  an  energy  of  0.1  ~.J  were  recorded 
during  a  simulated  aircraft  fueling 
„t  a  field  strength  of  only  15  kV/m 
(4).  Coincidentally,  almost  all 
instances  of  lightning  triggered  by 
man,  either  accidentally  or  by  design, 
involve  the  introduction  of  a  long 
electrical  conductor  into  a  thundery 
environment  where  the  general  electri¬ 
cal  field  is  around  10  kV/m  (24).  It 
would  appear  then  thav  field  strength 
measurements  provide  a  poor  indication 
of  hazard  during  aircraft  fueling  since 
the  meter  obviously  does  not  record 
what  is  happening  at  the  time  and 
place  where  spark  breakdown  occurs. 
However ,  these  measurements  are  of 
considerable  importance  in  evaluating 
the  relative  merits  of  various  methods 
of  reducing  electrostatic  hazard  such 
as  relaxation  devices  and  antistatic 
addit ives . 
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Field  strength  in  tank  during  filling 


It  has  been  established  in 
numerous  tests  carried  out  in  simulated 
(4, 7,9, 10 ,12, 21,22,2 5-35)  and  in 
actual  aircraft  tanks  (36-38),  that 
electrical  discharges  can  and  do  occur 
during  aircraft  fueling.  In  view  of 
the  tremendous  number  of  aircraft 
fueling  operations  that  are  carried 
out  daily  on  a  world-wide  basis,  it 
seems  logical  to  inquire  at  this  point 
as  to  why  more  explosions  have  not 
occurred.  Before  attempting  to 
answer  this  question,  it  is  necessary 
to  consider  the  conditions  under  which 
a  spark  can  cause  an  ignition,  which 
are:  (a)  the  discharge  must  have 
sufficient  energy,  and  (b)  it  must  take 
place  in  the  presence  of  a  combustible 
tuel/air  mixture.  The  minimum  amount 
of  energy  required  for  a  spark  dis¬ 
charge  to  ignite  an  optimum  fuel/air 
mixture  under  ideal  conditions  is 
0.26  mJ  (39).  By  optimum  fuel/air 
mixture  is  meant  the  most  easily 
ignited  mixture  of  fuel  in  air  and 
ideal  conditions  refer  to  glass- 
flanged  metal  electrodes  at  a  gap  of 
0.2  in.  As  conditions  depart  from 
ideality,  the  energy  requirements 
increase.  Thus,  changing  the  fuel/ 
air  mixture,  the  electrode  geometry 
or  the  gap  distance  will  increase 
the  amount  of  energy  required  for 
ignition.  Also,  substitution  of  a 
high  resistivity  material,  such  as  a 
hydrocarbon  fuel  surface,  for  one 
electrode  increases  the  energy  re¬ 
quirements  for  ignition.  Thus,  the 
amount  of  energy  required  for  a  dis¬ 
charge  from  a  fuel  surface  to  ignite 
a  propane/air  mixture  was  reported 
to  be  4.7  mJ,  twenty  times  the  energy 
required  to  ignite  the  same  mixture 
with  a  spark  discharge  between  two 
metal  electrodes  (40).  Although  4.7  mJ 
may  not  be  the  absolute  minimum  igni¬ 
tion  energy  for  a  discharge  from  a 
fuel  surface,  it  is  apparent  that  the 
minimum  must  be  in  the  range  of  0,26 
to  4.7  mJ.  If  so,  then  the  minimum 
ignition  energy  for  a  discharge  from 


a  fuel  surface  is  not  quite  as  high  as 
previously  supposed. 

In  addition  to  possessing 
sufficient  energy,  it  is  necessary  for 
ignition  that  the  spark  discharge  take 
place  in  the  presence  of  a  flammable 
fuel/air  mixture.  As  suggested  in 
Figure  16,  not  all  fuel/air  mixtures 
can  be  ignited.  Instead,  there  is  a 
definite  concentration  range  over 
which  mixtures  of  each  hydrocarbon 
in  air  will  burn.  This  is  called  the 
flammable  range.  For  a  material  such 
as  n-octane,  a  hydrocarbon  found  in 
jet  fuels,  the  flammable  range  extends 
from  0.92  to  6.5  percent  of  n-octane 
in  air.  If  the  upper  limit  of  this 
range  is  exceeded,  the  mixture  becomes 
too  rich  in  hydrocarbon  to  be  ignited. 
Likewise,  if  the  fuel  vapor  concentra¬ 
tion  falls  below  the  lower  limit, 
insufficient  hydrocarbon  is  present 
in  the  vapor  space  to  sustain  com¬ 
bustion.  Since  the  amount  of  hydro¬ 
carbon  present  in  the  air  is  pro¬ 
portional  to  the  temperature,  the 
flammable  range  can  also  be  expressed 
in  terms  of  temperature  limits. 

Figure  17  presents  the  temperatur e- 
flammability  limits  for  several  common 
fuels.  The  areas  described  by  the 
double-headed  arrows  represent  the 
flammable  ranges  for  the  individual 
fuels.  Avgas,  for  example,  is  seen 
to  be  in  the  flammable  range  from  -40 
to  20®F.  Above  203F,  equilibrium 
mixtures  of  Avgas  in  air  are  too  vapor  - 
rich  to  be  ignited.  For  JP-4,  the 
flammable  range  extends  from  -25  to 
approximately  75fF.  Above  75®F,  JP-4 
passes  into  the  vapor- lich  region. 

For  kerosene,  the  lower  flammability 
limit  corresponds  to  about  110®F,  and 
for  JP-5,  it  is  140°F. 

The  temperature-flammability  limit 
concept  applies  only  to  situations  in 
which  the  liquid  fuel  is  in  equilibrium 
with  its  vapor.  Consequently  these 
limits  should  be  used  only  to  estimate 
the  composition  of  a  fuel/air  mixture 
in  a  quiescent  tank.  At  best,  they  can 
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Fig.  17  -  Temperature  flammability  limits  for  common  fuels. 
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serve  only  as  a  rough  guideline  in 
describing  the  situation  that  exists 
inside  an  aircraft  wing  tank  during 
refueling.  In  practice,  these  con¬ 
ditions  may  vary  widely  from  ideality. 
With  kerosene,  for  example,  "flammable" 
fuel/air  mixtures  can  be  produced 
during  fueling  at  temperatures  far 
below  the  lower  flammability  limit  for 
that  fuel.  In  this  case,  however, 
the  flammable  mixtures  consist  of  a 
foam  or  mist  generated  by  the  splashing 
action  of  the  fuel  or  by  the  fuel 
inlet  valve  if  it  is  not  submerged. 

As  shown  by  the  data  in  Figure  18, 
the  energy  requirements  for  fuel  mists 
or  sprays  are  considerably  in  excess 
of  the  minimum  ignition  energy  of  0.26 
mJ.  It  is  interesting  to  note  that  in 
the  three  explosions  that  occurred 
during  the  fueling  of  commercial  jet 
aircraft,  kerosene  was  ignited  at 
temperatures  far  below  its  flash 
point. 

SOLUTIONS 

The  following  solutions  have  been 
proposed  to  reduce  or  eliminate  the 
electrostatic  hazard  during  aircraft 
fueling: 

1.  Inerting  the  vapor  space  of  the 
tank  with  nitrogen  or  other 
inert  gases. 

2.  Installation  of  charge  reduction 
devices. 

3.  Removal  of  the  final  filter/ 
separator. 

4.  Reduction  of  flow  rates. 

5.  Use  of  a  static  dissipator 
additive. 

Obviously,  inerting  the  vapor 
space  would  eliminate  the  possibility 
of  ignition  not  only  during  fueling 
but  also  in  the  event  of  a  lightning 
strike  as  well.  This  solution  would 
require  the  installation  of  additional 
equipment  such  as  cryogenic  tanks  to 


store  liquid  nitrogen  aboard  the  air¬ 
craft  plus  a  dispensing  system  to 
ensure  that  the  tanks  were  continually 
purged  with  the  inerting  gas.  The 
FAA  is  currently  investigating  tank 
inerting  with  liquid  nitrogen  (42)  and 
the  Air  Force  is  considering  the  use 
of  catalytic  combustor  techniques  as 
an  alternative  method  of  inerting  (43) 
Other  procedures,  such  as  the  use  of 
reticulated  polyurethane  foam  to 
serve  as  an  in  situ  flame  arrestor, 
and  the  installation  of  a  rapid 
release  halon  fire  extinguishment  sys¬ 
tem  are  being  investigated  as  a  means 
of  solving  the  total  fire  hazard  prob¬ 
lem  in  fuel  tanks  of  which  electro¬ 
static  ignitions  are  only  a  part  (44). 

At  present,  there  are  three 
devices  for  reducing  electrostatic 
charge  on  fuel:  the  AO  Smith  Static 
Charge  Reducer  [SCR]  (14),  a  30-second 
relaxation  tank  and  a  new  experimental 
device  called  the  de  Gaston  Decharger 
(45).  The  SCR  consists  of  a  10-inch- 
diameter  pipe,  3  ft.  in  length  con¬ 
taining  a  2-inch  polyethylene  liner 
through  which  several  row:  of  shrrDly 
pointed  electrodes  protrude.  Passage 
of  the  highly  charged  fuel  over  the 
grounded  electrodes  produces  a  corona 
discharge  which  lowers  the  charge  on 
the  fuel.  It  has  been  demonstrated  by 
a  number  of  workers  (15,  46-49)  that 
the  SCR  can  reduce  the  charge 
generated  by  a  filter/separator  during 
tank  truck  and  fueler  loading  to  less 
than  30  p  C/m3,  which  is  reported  to 
be  the  threshold  for  incendiary 
discharges  in  these  tanks  (50).  Spark 
ing  may  take  place  when  the  charge 
density  is  below  30  p  C/m3,  but  the 
energy  of  these  discharges  is  consid¬ 
ered  to  be  insufficient  to  cause 
ignition.  For  safety,  a  value  of 
15  p  C/m3  is  suggested.  The  thres¬ 
hold  for  incendiary  discharges  in 
aircraft  tanks  is  not  known.  Due  to 
variations  in  size,  shape,  complexity 
and  inlet  configurations  found  in 
aircraft  fuel  tanks,  no  single  value 
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TEMPERATURE,  *F 


Minimum  spo^k  ignition  energies  for  fuel-air  spray  mixtures 


Fig.  18  -  Minimum  spark  ignition  energies  for  fuel/air  spray  mixtures  (41) 


for  maximum  allowable  charge  density  is 
likely  to  be  found  which  will  cover  all 
aircraft  under  all  conditions  unless  it 
is  the  minimum  value  required  to 
initiate  sparking  in  the  most  spark- 
prone  tank.  In  simulated  tank  studies, 
spark  discharges  were  detected  when  the 
charge  density  on  the  incoming  fuel 
was  as  low  as  68  p  C/m^  when  fueling 
through  a  single  inlet  (12).  However, 
the  energy  of  these  discharges  was  less 
than  0.06  mJ  which  is  far  below  the 
minimum  ignition  energy  for  hydrocarbon 
vapors.  Elsewhere,  a  charge  density 
of  approximately  180  p  c/nr  was  indi¬ 
cated  as  the  threshold  for  sparking 
in  a  simulated  fuel  tank  (21).  The 
FAA  is  currently  sponsoring  a  survey 
of  fueling  facilities  at  10  major 
airports  in  the  United  States  to 
determine  typical  charge  densities 
on  turbine  fuel  being  delivered  to 
aircraft.  Still  lacking  is  a  reliable 
correlation  between  incoming  charge 
density  and  the  onset  of  incendiary 
discharges  in  aircraft  fuel  tanks. 

Another  type  cf  charge  relaxation 
device  is  the  30-second  relaxation 
tank.  This  device  is  merely  a 
vessel,  usually  equipped  with  baffles, 
and  designed  to  hold  up  the  fuel  for  30 
seconds  to  allow  the  charge  to  relax 
before  proceeding  through  the  rest  of 
the  system.  A  recent  study  showed  the 
SCR  and  the  relaxation  tank  to  be 
equally  effective  in  reducing  charge 
density  on  fuels  over  the  conductivity 
range  of  0.1  to  10  CU  (15). 

The  most  recently  proposed  charge 
relaxation  device  is  the  de  Gaston 
Decharger.  This  device,  which  is  still 
in  the  experimental  stage  of  develop¬ 
ment,  consists  of  a  cnamber  containing 
a  radioactive  source  to  ionize  the  fuel 
and  render  it  temporarily  more  con¬ 
ductive. 

For  maximum  effectiveness,  all 
three  relaxation  devices  have  to  be 
located  as  close  as  possible  to  the 
skin  of  the  aircraft  in  order  to 
minimize  charge  generation  downstream 


cf  the  device.  Presumably  the  SCR 
could  be  located  on  a  refueler 
or  hydrant  cart  but  a  relaxation 
chamber  capable  of  providing  30 
seconds  of  relaxation  time  at  flow 
rates  in  excess  of  600  GPM  could 
hardly  be  considered  portable.  It 
would  be  premature  to  comment  on  the 
requirements  of  the  de  Gaston 
Decharger  at  this  time.  However, 
due  to  the  weight  of  the  shielding 
necessary  for  the  radioactive  source, 
it  appears  that  the  decharger  would 
also  have  to  be  part  of  a  fixed 
installation. 

Reducing  the  flow  rate  and/or 
eliminating  the  final  filter/separator 
would  be  unacceptable  remedies  in  view 
of  the  requirements  for  clean  dry 
tuel  and  minimum  turn  arcund  times  for 
todays  super  jets.  The  benefits  to 
be  gained  from  either  of  these  solu¬ 
tions  would  be  too  uncertain  to 
justify  the  hardships  that  they 
would  impose. 

Finally,  the  most  widely  used 
method  of  reducing  electrostatic 
charge  on  hydrocarbon  fuels  is  the 
addition  of  the  static  dissipator 
additive,  ASA-3.  The  additive  is  a 
mixture  consisting  of  equal  parts  of 
the  chromium  salt  of  an  alkylated 
salicylic  acid,  calcium  dioulpho- 
succinimide  and  a  vinvl/methy lacrylate 
copolymer  (51) .  since  it  contains 
ionic  materials,  ASA-3  actually 
increases  the  charging  tendency  of  fuel 
in  the  filter  as  shown  in  Figure  7. 
Other  contaminants  such  as  asphaltenes 
and  crude  oils  (1),  Navy  Special  Fuel 
Oil  (52),  oxidized  asphalt  (12),  as 
well  as  polar  and  ionic  compounds  (16) 
have  a  similar  effect,  again  depending 
on  the  conductivity  of  the  original 
fuel.  The  important  point  is  that  as 
long  as  the  conductivity  of  the  fuel 
is  greater  than  50  CU,.  the  charge 
generated  in  the  filter  will  dissipate 
in  less  than  1/2  second.  Thus,  in  a 
typical  aircraft  fue]ing  operation 
where  the  residence  time  of  the  fuel 
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in  the  hoses  and  piping  downstream  of 
the  filter  is  only  a  few  seconds,  most 
of  the  charge  on  a  fuel  containing 
ASA-3  will  dissipate  before  the  fuel 
reaches  the  tank  provided  that  the 
conductivity  is  greater  than  50  CU. 
Tests  in  a  simulated  aircraft  fuel 
tank  have  confirmed  that  spark  dis¬ 
charges  do  not  occur  if  the  fuel 
conductivity  is  above  50  CU  (21).  Less 
than  1  ppm  of  ASA-3  is  all  that  is  re¬ 
quired  to  bring  the  conductivity  of  a 
fuel  to  this  level. 

After  a  rather  extensive  test 
program  by  the  National  Research 
Council  of  Canada  (53),  ASA-3  was 
introduced  into  Royal  Canadian  Air 
Force  fuels  on  a  trial  basis  in  1962, 
and  became  mandatory  in  Canadian 
Government  Specifications  for  aviation 
kerosene  and  JP-4  in  *364  (4).  Also 
in  1964,  the  International  Air  Trans¬ 
port  Association  revised  its  Fuel 
Guidance  Material  to  include  the  use 
of  ASA-3.  The  British  Ministry  of 
Technology  adopted  the  use  of  the 
additive  in  aviation  kerosene  in 
1968.  At  present,  Canadian  and  British 
specifications  and  IATA  guidance 
material  require  that  sufficient 
additive  be  used  to  ensure  that  the 
conductivity  of  the  fuel  at  the  time, 
place  and  temperature  of  delivery  to 
the  aircraft  is  in  the  range  of  50- 
300  CU  (54).  A  more  recent  issue 
of  the  Canadian  Specification  will 
require  that  the  conductivity  be  m 
the  range  of  100-500  CU  at  20°C  (54). 

By  1971,  over  10  billion  gallons 
of  aviation  turbine  fuel  containing 
ASA-3  were  delivered  at  o^or  150 
airports  throughout  the  world.  In 
addition,  much  of  the  aviation  gasoline 
sola  in  Canada  for  some  years  has  con¬ 
tained  the  additive  (4).  So  far,  no 
significant  problems  have  occurred 
during  the  handling  or  use  of  fuels 
containing  ASA-3  (4,51)  A  joint 
study  involving  nine  oil  companies 
and  seven  international  airfield 
fueling  installations  in  Europe,  the 


Middle  East  and  the  Far  East  did  not 
reveal  any  significant  adverse  effects 
on  the  performance  of  f iiter/separator 
units  by  fuel  containing  ASA-3  (4). 
However,  in  another  test  conducted  in 
the  United  States  involving  a  side  by 
side  comparison  of  filter  elements  with 
fuel  containing  the  ASA-3  vs  fuel 
without  the  additive  it  was  concluded 
that  after  a  throughput  of  200,000 
gal. /element,  element  life  wac  reduced 
somewhat  on  fuel  containing  ASA-3  (55). 

Depletion  of  the  additive  result¬ 
ing  in  lowering  of  fuel  conductivity 
during  marine  and  pipeline  shipment 
has  been  reported  in  one  study  (56) 
indicating  that  reinjection  of  the 
additive  at  the  airport  storage  facil¬ 
ity  may  be  necessary.  Also,  since 
clay  filters  tend  to  remove  ASA-3, 
it  would  be  necessary  to  inject  the 
additive  downstream  of  the  clay  at 
airports  employing  this  type  of 
filtration.  Concern  over  depletion, 
the  effect  of  the  additive  on  the 
vater  separation  properties  of  jet 
fuel  and  on  filter  element  life,  as 
well  as  the  necessity  for  making  fuel 
conductivity  measurements  along  the 
distribution  system  and  at  the  air¬ 
port  have  been  the  major  stumbling 
blocks  to  che  use  of  the  additive  in 
the  United  states. 

CONCLUSIONS 

It  has  been  established  that,  in 
the  absence  of  protective  measures, 
electrostatic  discharges  can  take 
place  in  the  vapor  space  of  aircraft 
fuel  tanks  during  fueling.  The  fact 
that  these  discharges  seldom  result  in 
fires  or  explosions  can  be  attributed 
to  the  following  factors: 

(1)  Fuel  -  With  the  exclusion  of 
the  military,  most  of  the  free  world's 
aircraft  operate  o  either  kerosene 
or  aviation  gasoline,  neither  of  which 
happens  to  be  in  the  flammable  range  at 
normal  fuel  handling  temperatures 
( 20-1 00°F ) .  Thus,  even  if  a  discharge 
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should  take  place  while  fueling  an 
aircraft  with  either  of  these  fuels, 
an  ignition  would  not  occur,  provided, 
of  course,  that  the  fuel  is  present 
as  a  vapor  and  not  as  a  mist.  When, 
as  a  result  of  improper  design  or 
location  of  inlet  devices,  either  ■  ,f 
these  fuels  enters  a  tank  in  the  form 
of  a  mist  or  spray,  then  the  resulting 
fuel/air  mixture  can  be  ignited  at 
normal  fuel  handling  temperatures. 
However,  the  amount  of  energy  required 
to  ignite  fuel  mists  is  considerably 
greater  than  the  amount  required  to 
ignite  the  same  material  in  the  form 
of  a  vapor.  Tests  in  simulated  and 
actual  aircraft  fuel  tanks  have  shown 
that  discharges  from  a  fuel  surface 
seldom  have  sufficient  energy  to 
ignite  fuel  mists. 

Where  wide-cut  (JP-4)  fuel  is 
used,  it  must  be  assumed  that  most  of 
the  time  the  fuel/air  mixture  in  the 
tank  is  in  the  flammable  range  during 
fueling.  The  fact  that  more  ignitions 
have  not  occurred  when  handling  this 
fuel  would  seem  to  indicate  that  other 
factors,  such  as  the  effect  of  tank 
configuration  on  discharge  energy, 
have  an  overriding  influence. 

(2)  Structure  of  the  fuel  tank  - 
Aircraft  fuel  tanks  usually  contain 
structural  members,  stringers,  pumps, 
probes  and  other  protuberances  which 
encourage  low  energy  corona  and  pre¬ 
breakdown  streamer  discharges  rather 
than  more  energetic  sparks.  Tn  this 
manner  it  is  believed  that  much  of  the 
charge  on  the  fuel  surface  is  dissi¬ 
pated  during  fueling  without  causing 
an  ignition.  Even  when  stark  dis¬ 
charges  do  occur  from  the  fuel  surface, 
they  usually  do  not  have  sufficient 
energy  to  cause  an  ignition.  This  is 
because  the  amount  of  energy  released 
in  a  discharge  from  a  fuel  surface 
per  unit  length  of  time  is  limited  by 
the  electrical  properties  of  the  fuel. 
Also  due  to  the  high  resistivity  of 
tho  fuel,  only  a  limited  area  of  the 


fuel  surface  can  participate  in  the 
discharge.  These  factors  tend  to 
reduce  tne  incendiary  potential  of 
spark  discharges  from  a  fuel  surface. 

(3)  Use  of  the  static  dissipator 
additive  -  It  has  been  shown  that 
when  used  at  the  proper  concentration, 
the  static  dissipator  additive  com¬ 
pletely  eliminates  electrostatic 
discharges  during  fueling.  Since 
approximately  50%  of  the  aviation 
fuel  sold  outside  of  the  United  States 
now  contains  ASA-3,  part  of  .he 
credit  for  reducing  the  incidence  of 
electrostatic  ignitions  during  fueling 
must  be  due  to  the  additive. 
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Ten  Years'  Experience  of  Anti-Static 
Additives  in  Aviation  Fuels 


A,  Lewis,  Shell  Research  Limited  and 

J.  G,  Kirtley,  Shell  International 
Petroleum  Company  Limited. 

ABSTRACT 

Firos  and  explosions  in  aircraft  or 
refinery  plant  have  been  caused  in  the  past 
by  electrostatic  discharges  but  have  been 
overcome  by  the  uso  of  a  conductivity  improving 
additive.  The  additive  works  by  speeding  the 
relaxation  of  charges  generated  in  pipelines 
or  filters . 

For  ten  years  Shell's  ASA-3  additive  has 
provided  adequate  protection  in  systems  used 
outside  the  United  States  without  significant 
change  in  fuel  quality  or  any  difficulties  in 
fuel  handling.  This  experience  involves  some 
24  million  gallons  of  fuel  supplied  from  over 
200  airfields.  Limited  experience  with  multi¬ 
product  pipelines  outside  the  United  States 
and  extensive  field  trials  in  the  USA  have 
indicated  that  some  depletion  of  the  additive 
occurs,  especially  where  clay  filtration  is 
used  and  that  redoping  may  be  necessary. 

TEN  YEARS  AGO  the  first  bulk  supplies  of 
aviation  fuel  were  treated  with  anti-static 
additive  (ASA-3)  to  increase  their  conduct¬ 
ivity.  Since  then  some  24  billion  US  gallons 
have  been  so  treated  without  trouble.  This  is 
the  solution  adopted  by  Shell  as  a  preventive 
measure  against  electrostatic  explosions  and 
firos  caused  when  handling  aviation  turbine 
fuels  and  similar  distillate  products  from 
refinery  to  customer  and  during  aircraft 
fuelling.  It  is  a  system  widely  adopted 
outside  the  United  States  -  and  additives 
are  used  to  a  limited  extent  in  the 
United  States  for  non-aviation  fuels. 

Such  an  approach  has  proved  over  10  years 
to  be  completely  effective,  very  cheap  (less 
than  0.01  c/USG)  and  the  amount  of  additive 
used  so  small  that  it  is  of  the  same  order  as 
naturally  occurring  trace  materials  in  fuels. 

We  strongly  recommend  this  additive  approach 
be  accepted  universally,  because  it  is 
obviously  in  uhe  public  interest  and  it  is 
only  when  the  system  is  universally  adopted 
that  the  full  advantages  can  be  exploited  in 
relation  to  the  design  and  operation  of  fuel 
handling  equipment  and  aircraft  fuel  systems. 

Since  the  concentration  of  additive  used 
is  so  low  the  total  market  for  the  additive 
will  still  be  low  even  if  applied  universally 
(ca  75  tons  per  annum)  and  it  is  a  doubtful 
commercial  proposition  in  its  own  right. 

In  the  interests  of  safety,  the  additive  is 
made  available  to  any  user  without  restriction. 


THE  PROBLEM 

It  is  now  widely  recognised  that  when 
hydrocarbon  liquids  are  moved  rapidly  through 
pipes  or  through  filters  a  separation  of 
charges  occurs  to  an  extent  depending  upon  the 
nature  and  concentration  of  ionisable  traces 
in  the  fuel  and  upon  the  flow  velocity. 

The  extent  to  which  these  charges 
accumulate  depends  upon  the  conductivity  of 
the  fuel  and  the  time  available  for  the 
charges  to  relax  through  the  fuel's  resistance 
and  to  some  extent  on  the  nature  of  the  system 
through  which  the  fuel  flows.  The  potential 
hazard  the  accumulated  charges  represent  will 
depend  on  the  charge  remaining  in  the  fuel  at 
the  point  at  which  the  fuel  can  form  a 
flammable  mixture  in  contact  with  air. 

EXISTENCE  OF  FLAMMABLE  ENVIRONMENT  - 
The  curves  relating  flammability  of  the 
equilibrium  atmosphere  above  static  fuels  to 
the  temperature  of  the  fuels  are  well  known 
and  there  is  little  need  to  reprint  them  here. 
However,  the  practice  of  using  mixtures  of 
fuels  of  different  volatility  in  the  same 
aircraft  is  still  current  and  on  the  ground 
the  uso  of  the  same  vehicle  for  transporting 
an  involatile  product  immediately  after  a 
volatile  one  (i.e.  switch  loading)  is 
practised  in  the  USA  and  in  Europe.  Thus 
unless  fuelling  or  loading  procedures  are 
varied  to  allow  for  the  nature  of  the  product 
being  handled  it  is  best  to  assume  that  a 
flammable  atmosphere  always  oxists.  Even  if 
tho  atmosphere  is  not  brought  into  tne 
flammable  range  by  the  presence  of  sufficient 
fuel  vapour  it  is  not  possible  to  preclude 
always  the  formation  of  a  flammable  fuel  mist 
from  incautiously  located  fuel  entry  nozzles. 
The  only  saving  grace  in  this  event  is  that 
the  energy  required  for  ignition,  is  greater 
than  for  mixtures  of  air  with  fuel  vapour. 

Let  us  now  update  our  understanding  of 
the  influence  of  handling  conditions  upon 
charge  generation. 

CHARGE  GENERATION  -  Effect  of  Flow  Rate  - 
A  decrease  in  flaw  rate  of  fuel  through  pipe¬ 
lines  or  filters  will  decrease  the  charge 
separation  although  the  effect  is  by  no  moans 
linear  or  consistent  in  pattern.  Figure  1 
shews  a  series  of  curves  of  charge  density  rt 
filter  outlet  against  flow  rate.  Tests  by 
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Boeing  at  Minneapolis  showed  a  more  consistent 
pattern  with  almost  proportionality,  whilst 
other  work  by  Esso,  indicates  a  disproportion¬ 
ate  effect  of  flow  rate,  but  it  should  be 
remembered  that  these  results  also  bring  some 
charge  relaxation  downstream  of  the  filters. 
However,  in  general  it  can  be  seen  that  in 
many  cases  it  may  be  necessary  to  reduce  the 
flow  rate  of  the  fuel  to  a  very  low  level  in 
order  to  reduce  significantly  the  charge 
generation. 

Effect  of  Filters  -  The  curves  in 
Figure  1  also  show  that  differences  between 
the  charging  propensities  of  different 
filters.  The  differences  in  charge  generation 
of  fuels  depend  upon  trace  compounds  present 
in  them  and  differential  adsorption  of  some  of 
these  compounds  onto  the  filter  elements 
results  in  a  variation  in  the  effect  of 
filters  with  different  fuels.  Leonard  & 
Carhart  (1)**  have  tried  to  develop  composite 
filters  which  would  give  a  low  or  zero  net 
charge  output,  but  concluded  that  because  of 
this  interaction  between  fuel  and  filter  the 
proposition  was  not  tenable. 

As  has  been  said  earlier  the  addition  of 
ASA-3  was  made  to  increase  the  conductivity  of 
fuels  and  hence  the  relaxation  of  charges. 
Inevitably  since  it  acts  by  dissociation  into 
ionised  material,  it  will  itself  also  give 
rise  to  charging  at  the  filter  or  at  the  pipe 
interface.  However,  the  net  charge  carried 
forward  is  very  much  less  than  it  would  other¬ 
wise  be.  Figure  2  shows  the  charge  density  at 
a  point  2  seconds  residence  time  downstream  of 
a  filter  element  at  which  charges  have  been 
formed.  At  a  conductivity  of  about  150  pS/m 
which  is  the  target  normally  aimed  at  when 
using  the  additive  the  net  residual  charge 
will  be  negligible.  Even  at  very  much  lower 
conductivities  as  might  be  met  with  lower 
concentrations  of  additive  the  residual 
charge  is  still  low.  The  charging  by  the 
additive  has  been  quoted  by  some  as  an 
adverse  property,  but  it  may  be  seen  that 
taken  in  its  correct  context  with  the 
increased  conductivity  conveyed  simultaneously 
the  net  effect  is  only  beneficial. 

ACCUMULATION  OF  CHARGE  -  Variation  with 
Net  Charge  Density  -  The  charge  entering  the 
tanks  of  a  tank  truck  or  an  aircraft  can  be 
potentially  hazardous  in  two  respects.  If 
the  charge  density  is  sufficiently  high  the 
plug  of  highly  charged  fuel  issuing  from  the 
entry  nozzle  can  act  as  a  high  potential 
source  giving  rise  to  discharges  to  nearby 
earthed  surfaces,  or  secondly  the  charge  can 


*  Numbers  in  parentheses  designate 
References  at  end  of  paper. 


accumulate  within  the  tank  as  the  liquid  rises 
to  give  a  discharge  from  the  liquid  surface 
to  nearby  earthed  objects. 

Let  us  examine  these  two  possibilities. 

Charged  Liquid  Jets  -  The  charge 
contained  in  a  jet  of  fuel  entering  a  tank  can 
be  considered  in  the  most  pessimistic  case  to 
persist  in  that  samo  form  for  a  finite  time 
before  diffusing  through  the  tank,  and  to  act 
as  a  high  potential  jet,  to  or  from  which 
discharges  can  occur.  Whilst  the  jet  will 
soon  be  submerged  and  any  discharge  will  then 
occur  within  the  liquid  there  will  inevitably 
be  a  finite  short  time  when  a  discharge  between 
the  jet  and  the  earthed  surroundings  could 
occur  in  air.  By  speeding  the  relaxation  of 
charges  before  entry  and  within  the  jet  ASA-3 
is  effective  in  removing  this  hazard; 

Bruinzeel  (2)  found  that  a  conductivity  of 
20  pS/m  was  sufficient  to  ensure  this  safety. 

Charge  on  Liquid  Surface  -  As  the  liquid 
rises  within  the  tank  concerned,  the  charges 
entering  the  tank  will  relax  through  the 
resistance  of  the  fuel.  The  lower  the  resist¬ 
ance  of  the  fuel,  i.e,  the  higher  the  conduct¬ 
ivity,  the  mere  rapid  the  relaxation. 
Calculations  can  and  have  been  made  of  the  net 
charge  remaining  after  a  given  time  of  fuelling, 
and  measurements  have  been  made  of  the  result¬ 
ing  fields  in  the  vapour  space  above  fuels. 
These  calculations  are  based  generally  on  a 
regulur  rectangular  shaped  tank,  without  any 
interfering  protuberances  in  the  vapour  space. 
The  relevance  of  such  calculations  has  been 
demonstrated  by  Carruthers  and  Wigley  (3)  and 
Shell  work  at  Thornton  Research  Centre  showed 
extremely  good  agreement  except  in  those  cases 
where  discharges  affected  the  field  strengths 
developed . 

Figure  3  shows  the  comparison  between 
measured  results  and  those  calculated  according 
to  a  similar  procedure  used  by  Vellenga  (4). 

The  values  of  field  strength  observed  in  these 
and  in  other  reported  tests  were  significantly 
lower  than  the  3000  kV/m  commonly  regarded  as 
the  breakdown  voltage  of  dry  air.  However 
concentration  of  fields  occurs  around  project¬ 
ions  in  the  vapour  space,  and  more  recent  work 
at  Thornton  has  demonstrated  that  discharges 
can  occur  with  projections  into  the  vapour 
space  with  the  main  field  strengths  as  low  as 
250  kV/m.  This  is  very  much  in  line  with 
observations  made  much  earlier  during  fuelling 
tests  on  a  DC-8  aircraft  and  other  mock  up 
tanks  when  discharges  were  observed  at  field 
strengths  around  375  kV/m. 

Thus  any  charge  density  giving  rise  to 
field  strengths  of  this  order  is  suspect,  and 
the  pertinent  question  with  regard  to  aircraft 
fuelling  is  whether  such  charge  densities  can 
be  avoided.  Since  in  aircraft  fuel  tanks 
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earthed  probes  can  enter  the  vapour  space 
over  a  range  of  depths  witain  the  tank  it  is 
essential  to  take  into  account  the  most  severe 
degree  cf  field  concentration.  To  do  this  we 
have  used  a  second  criterion  of  equivalent 
surface  potential  and  calculated  for  a 
rectangular  tank  how  the  surface  potential 
would  vary  for  different  proportions  of  the 
tank  filled  for  different  inlet  charge 
densities  and  fuel  conductivities.  From 
these  results  we  are  ab1  i  to  deduce  the 
maximum  charge  density  w  ich  could  be  tolerated 
without  giving  rise  to  a  surface  potential 
greater  than  the  level  of  45  kV  which  from 
experimental  observations  would  give  an 
incandive  discharge  to  a  probe  in  the  vapour 
space.  Such  an  analysis  is  by  no  means 
precise  and  at  most  can  only  give  a  general 
picture .  For  a  particular  case  studied  it  has 
given  results  as  shown  in  Figure  4  for  a  hose 
coupling  charge  density  of  840  pC/m^.  Thus  it 
may  be  seen  that  one  might  postulate  combin¬ 
ations  of  maximum  charge  density  with  conduct¬ 
ivity  which  would  give  safe  conditions. 

However,  for  fuels  of  very  low  conductivity 
the  relevant  level  of  charge  density  is  likely 
to  be  unduly  restrictive. 

THE  SOLUTION  -  ASA-3 

The  more  practical  solution  then  is,  we 
feel,  to  use  an  additive  to  increase  the 
fuel's  conductivity,  and  it  was  in  order  to 
do  this  that  Shell's  anti-static  additive 
was  developed  initially  for  application  to 
the  general  handling  of  petroleum  products 
and  later  for  eviction  products. 

COMPOSITION  OF  ADDITIVE  -  It  is  composed 
of  equal  parts  of  the  foilwing  three  active 
materials  in  xylene  as  a  carrier: 

(a)  The  chromium  salt  of  alkyl 
salicylic  ac'd. 

(b)  The  calcium  salt  of  Do-docyl 
sulfo  succinic  acid,  and 

^c)  A  methacrylate-vinyl  pyridine 
copolymer. 

Ff FLITS  OF  ADDITIVE  -  1ypically  a 
concentrate.!  of  0.6  p.p.m,  w/v  (i.e,  0.6  mg,' 
litre)  will  give  a  conductivity  at  15°C  of 
about  250  pS/m,  although  the  actual  value 
achieved  will  depend  on  other  trace  compounds 
already  present  in  the  fuel,  lhe  conductivity 
/ill  vary  with  the  temperature  of  the  fuel  in 
a  log/liu-’T  mode.  Typical  conductivity/ 
temperature  curvec  are  shown  in  figure  5. 

The  addition  of  ioniiable  material  of 
this  kind  wili  affect  the  charge  feneration 
as  well  s?  the  condu<-  ni Ho- ever,  ‘ 1  0 
ruling  factor  is  the  net  '•*>  of  onarge 

carried  t,in,">rd  into  •"  fnnks  o'.  ..  nu- 
oraft  or  tank  vehiuJn,  and  u  ""ft  of  fn« 


effect  of  high  conductivity  in  speeding 
relaxation  any  increase  will  be  eliminated 
after  a  short  residence  time.  From  early 
work  carried  out  at  Shell's  Amsterdam  and 
Thornton  laboratories  a  minimum  conductivity 
level  of  50  pS/m  has  been  adopted  as  having 
sufficient  safety  margin  above  the  minimum 
required  to  prevent  sparking  to  allw  for 
temperature  effects. 

It  is  recognised  that  other  fuel 
additives,  e.g.  corrosion  '•.jibiters  impart 
some  increase  in  conductivity.  The  re  levin', 
values  for  one  such  additive  in  common  use  uve 
included  in  Figure  6  and  are  very  small.  Sucn 
additives  will  also  generate  charges  and  the 
Figure  shows  that  the  net  balance  of  charge 
generated  and  relaxed  over  a  2  second  period 
is  by  no  means  as  attractive  as  from  the 
ASA-3.  The  additional  inclusion  of  ASA-3 
still  neutralises  the  charge  as  seen  in 
Figure  7. 

PLASTICS  AND  GLASS  REINFORCED  PLASTICS  - 
The  conclusions  drawn  earlier  assume 
wholly  metal  tanxs.  There  is  however  a 
growing  use  of  \Lastics  materials  for  the 
transport  of  fuels,  in  particular  glass 
fibre  reinforced  resins  for  pipes  and  storage 
tanks  and  epoxy  linings  for  steel  tanks.  When 
the  materials  of  construction  have  specific 
resistivities  of  1012  ohm  metre  or  lwer  they 
behave  in  much  the  same  way  as  metals  but  for 
higher  resistivities  the  insulating  effects 
change  the  picture  considerably. 

GRP  Pipes  -  The  charge  generated  within 
such  pipes  is  much  tha  same  us  within  pipes 
of  other  materials,  and  in  tests  at  Thornton 
it  has  been  demonstrated  that  the  generated 
charges  relax  to  the  walls  of  the  pipes 
during  the  passage  of  fuel  to  the  same  extent 
fs  for  steel  pipes.  However,  accumulation  of 
charge  on  the  insulating  pipe  uslls  produces 
a  field  surrounding  the  pipes  which  can  give 
rise  to  a  discharge  to  a  pointed  earthed 
object  approaching  the  pipe  and  in  some 
instances  tnis  discharge  can  be  incendive 
with  energies  up  to  several  mill! joules. 
Perforation  of  PTFE  or  giess  pipes  has  been 
reported  by  crime  workers  but  we  have  not 
observed  this  in  our  experiments  with  GRP 
pipes,  and  our  initial  fears  of  discharges 
fro,  turned  GRP  pipes  to  nearby  earthed 
metal  pip„s  in  areas  of  very  dry  soil,  with 
consequent,  rupture  of  the  pipes  hi  'ft  not 
been  reaii  ed. 

GRP  Tanks  -  in  t»  p  case  of  GRP  storage 
tanks  the  cargos  e.nt  ring  the  tank  with  the 
incoming  f  ;el  cannot  :e)nx  to  earth  unless  a 
bonded  object  of  suff .cient  surface  area 
exists  in  contact  with  tne  fuel,  [nut 
hazardou.  fields  can  exirt  between  the  fuel 
layer  and  any  earthed  object  within  the  tank. 
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FIG.  6-Effect  of  concentration  of  Additive  A  upon 
charge  density  in  kerosine  measured  after 
2  seconds  residence  time  downstream 
of  a  microfilter 
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A  metal  plate  of  about  l£  sq, metres  area 
bonded  to  a  bottom  loading  valve  has  been 
found  adequate  to  relax  charge  to  a  similar 
extent  to  a  steel  tank,  but  the  rate  of 
relaxation  is  still  of  course  very  dependent 
upon  the  conductivity  of  the  fuel. 

Tank  Linings  -  A  further  problem  however 
exists  with  high  resistance  linings  within 
tanks,  such  as  epoxy  resins.  Tests  to  simulate 
the  behaviour  of  such  a  lining  have  been 
carried  out  using  a  GRP  tank  surrounded  by  a 
wire  mesh.  Charges  in  the  product  move 
towards  the  walls  of  the  tank  to  giv6  a 
uniform  potential  and  because  of  the  highly 
resistive  layer  on  the  tank  walls  a  finite 
electric  field  remains  in  the  vapour  space 
for  a  long  time  after  filling  has  stopped  and 
the  static  charge  can  remain  on  the  resistive 
layer  even  after  the  product  has  been  drained 
from  the  system. 

The  length  of  time  for  which  such  charges 
remain  a  hazard  when  fuel  is  present  will 
depend  on  the  integrity  of  the  coating,  and 
the  existence  within  the  fuel  layer  of  a 
grounded  metal  object.  The  equilibrium 
potential  within  tne  tank  will  be  a  function 
of  the  thickness  of  the  coating,  being  smaller 
for  the  conventional  thickness  of  lining  than 
in  the  case  of  our  tank;  we  do  not  consider 
that  this  retained  charge  will  be  hazardous 
in  the  normal  case  but  we  intend  to  confirm 
our  findings  in  due  course  with  a  thinner 
lining. 

In  any  case  the  use  of  the  anti-static 
additive  can  again  only  benefit  the  situation 
by  relaxing  the  charges  to  a  much  greater 
extent,  than  in  its  absence,  before  the  fuel 
enters  the  storage  tanks. 

OTHER  FACTORS  -  Maximum  Conductivity  - 
When  the  additive  was  first  introduced  a 
number  of  aircraft  were  fitted  with  early 
uncompensated  tank  contents  gauges.  Their 
accuracy  was  slightly  sensitive  to  fuel 
conductivity  even  though  the  additive  bad  no 
effect  on  the  dielectric  constant  of  fuels; 
specification  of  a  maximum  conductivity  level 
was  therefore  considered  desirable.  A  maximum 
conductivity  with  the  additive  or  300  pS/m  va3 
adopted  initially  (and  still  applies  in  some 
specifications)  though  thorough  testing  by  the 
R.C.A.F,  and  gauge  manufacturers  has  shown 
that  this  la  unduly  restrictive  with  compensat¬ 
ed  units.  The  Canadian  specifications,  based 
mainly  on  ensuring  adequate  conductivity  at 
low  remperat'ure ,  allow  higher  conductivities 
than  300  pS/m  st  high  ambiecc  temperatures. 

The  British  military  specifications  now  allow 
up  to  600  pS/m  where  ASA-3  and  corrosion 
inhibitors  are  used  jointly. 

Maximum  Additive  Concentration  -  The 
maximum  conductivities  quoted  are  compatible 
with  a  maximum  concentration  of  1  p.p.m,  w/v. 


At  this  level  the  additive  would  contribute 
an  additional  0.04  p.p.m.  of  inorganic 
material  to  fuels.  In  view  of  the  recognised 
effects  of  traces  of  inorganic  compounds, 
particularly  alkaline  materials,  on  high 
temperature  components  of  engines  such  as 
turbine  blades,  extensive  testing  was  carried 
out  by  one  engine  manufacturer  and  at  Thornton 
to  check  the  effect  on  blade  materials  at  900 
and  1000°C.  Plate  I  and  II  show  photo¬ 
micrographs  of  sectioned  blades  used  as 
targets  in  a  laboratory  rig  for  200  hours. 

As  will  be  evident  no  detrimental  effect  on 
blade  oxidation  was  noted.  Further  testing 
to  over  1000  hours  confirmed  this. 

FIB  Li)  EXIERIENCE 

HISTORICAL  -  Before  the  additive  was  used 
in  aviation  turbine  *‘"sls  it  was  employed  in 
illuminating  kerosine  and  similar  non-aviation 
distillate  fuels  -  and  still  is  -  at  major 
Shell  refineries  la  South  America  and  the 
Eastern  hemisphere,  A  series  of  trials 
conducted  in  non-aviation  fuels  proved  the 
basic  effectiveness  of  the  additive  in  very 
low  concentrations  and  the  degree  of  depletion 
in  different  distribution  systems.  The  ASA-3 
additive  formulation  fnco’-poratss  improvements 
to  overaone  tendencies  to  leach  out  with  water 
which  was  found  in  earlier  versions.  On  the 
basis  of  these  tests  therefore,  coupled  with 
laboratory  tests,  concentrations  for  use  in 
aviation  fuels  to  maximise  safety  with 
minimum  side  effects  could  be  judged. 

The  first  experience  was  obtained  in 
Canada  where  the  Royal  Canadian  Air  Force 
started  a  flight  evaluation  in  May  1962  (5). 
The  experience  there  also  showed  there  was 
no  difficulty  in  maintaining  conductivity 
within  the  desired  range. 

During  1963  the  additive  was  added  to 
all  Shell  Jet  B  supplies  to  major  Canadian^ 
airports  and  in  October  1963  to  all  Jet  A-1 
supplies  by  Shell  to  major  Canadian  airports. 
Introduction  outside  Canada  started  at  the 
end  of  1964  and  was  limited  initially  to  a 
few  airfields  as  part  of  a  field  evaluation 
ir,  co-operation  with  member  airlines  of  the 
XATA.  Further  introduction  of  the  additive 
was  relatively  slow  due  in  part  to  the  fact 
thst  whilst  many  airlines  were  quite  willing 
to  uplift  supplies  of  doped  fuels,  they 
awaited  the  results  of  the  field  evaluation 
to  ensure  there  were  no  side  effects  on  power 
plant  operation  or  life  before  requesting 
supplies  of  doped  fuel. 

In  1966  the  additive  occane  optional  in 
the  British  Ministry  of  Aviation  Supply  (now 
Ministry  of  Defence)  aviation  kerosine  type 
fuel  specification  D.Eng.R.D.2494  and  was 
used  by  the  Royal  Air  Force. 


Since  1968  io  has  been  required  by  many 
leading  international  airlines  and  became 
generally  accepted  throughout  the  free  world 
outside  the  United  States  for  civil  purposes. 
Today  over  9 0%  of  aviation  kerosine  supplies 
for  civil  operators  outside  the  United  .States 
contain  the  additive.  The  history  of  the 
introduction  of  the  additive  in  aviation  f«ls 
at  major  civil  airports  is  given  in  Table  1. 

In  adaiui.on  fuel  at  well  over  100  minor  air¬ 
fields  also  contains  ASA-3.  The  volume  of 
doped  fuel  supplied  annually  is  expressed  in 
grapnical  form  in  Figure  8  end  estimates  of 
the  total  annual  civil  aviat_on  fuel  offtakes 
outside  USA  and  communist  areas  are  included 
for  comparison. 

A  brief  study  of  the  Table  and  the  Figure 
shows  that  experience  wss  gained  at  an  early 
date  at  airports  widely  spaced  geographically, 
with  very  different  climates. 

Strict  records  were  kept  of  conductivity 
during  initial  introduction  at  any  airport  or 
at  any  new  phase  in  the  distribution  system. 

It  was  found  there  was  no  difficulty  whatsoever 
in  maintaining  supplies  within  the  required 
conductivity  range. 

During  the  period  up  to  1968  it  was 
general  practice  to  dope’ initially  at  the 
airfield  to  bring  the  conductivity  up  to  an 
acceptable  level  as  quickly  as  possible  and 
thereafter  when  all  airfields  supplied  from 
a  particular  installation  or  refinery  required 
doped  fuel,  doping  was  moved  further  and 
further  back  in  the  distribution  chain  to 
maximise  safety, 

FIELD  PERFORMANCE  -  As  described  eailier 
(5)  there  have  been  many  cases  of  fires  in 
military  aircraft,  particularly  at  .low 
temperatures,  before  ASA -3  was  used  -  but  not 
since.  There  have  also  been  three  cases  of 
explosions  in  civil  aircraft  with  undoped 
fuels,  which  we  are  confident  could  have  been 
avoided  with  ASA-3  doped  fuel. 

To  the  best  of  our  knowledge  no  problems 
due  to  electrostatic  discharges  have  occurred 
when  handling  doped  products  between  refinery 
and  airfield,  whereas  with  undoped  fuels  there 
have  boon  many  incidents,  as  logged  by  the  API 
and  several  have  been  of  a  serious  nature. 

Major  airlines,  who  for  years  have  used  a 
predominance  of  ASA-3  doped  fu6l,  have  reported 
officially  to  IATA  that  there  have  beer,  «o 
problems  in  airframe.*  or  power  plants 
attributable  to  the  use  of  the  additive. 

INITIAL  INTRODUCTION  OF  TIIE  ADDITIVE  - 
As  mentioned  earlier  the  additive  was 
introduced  initially  in  Shell  supplies  at 
certain  airfields  outside  North  America  for 
some  IATA  airlines.  This  was  the  only  means 
available  to  Shell  to  sipply  doped  fuels 
because  of  the  use  of  facilities  ct  other 
airports  which  also  handled  other  suppliers' 


products.  At  a  later  date,  following  the 
successful  conclusion  of  the  IATA  evaluation 
and  a  joint  oetroloum  industry  evaluation, 
doped  fuel  became  generally  available  and  the 
doping-point  was  moved  back  to  the  refinery 
thus  giving  completG  safety  in  the  distribution 
chain.  It  was  realised  that  there  was  a  risk 
that  at  the  end  of  the  long  distribution  chain 
during  the  initial  introduction  period  there 
could  be  fuels  with  intermediate  conductivity  - 
i.e.  less  than  the  desired  minimum  -  as  dopod 
fuels  became  mixed  with  existing  undoped  fuels 
in  storage.  All  the  evidence  at  our  disposal 
from  full  scale  fuelling  tests  and  from 
laboratory  studies  indicated  that  this 
practice  did  not  constitute  any  additional 
hazard  to  that  already  being  run  with  undeped 
fuels.  To  prove  the  point,  additional 
laboratory  work  was  undertaken  which  showed 
that  even  the  minutest  amounts  of  ASA-3  (as 
.little  as  qrjrrth  of  the  maximum  allowable 
concentration)  hud  an  overall  effect  in 
reducing  the  chars®  density  in  the  fuel  after 
due  allowance  for  the  relaxation  of  the  charge 
from  filter  to  aircraft  coupling  in  the 
practical  case  (see  Figure  2).  We  have 
therefore  no  qualms  '  >hen  introducing  ASA-3 
doped  fuel  to  an  airport  to  allow  doped  fuels 
to  gradually  replace  existing  it.doped  fuel, 

DOPING  METHODS  -  For  maximum  safety,  the 
aaditive  should  be  injected  into  refinery 
product  streams  to  protect  the  whole  train  of 
operations  through  to  the  airfield  (ever,  if  it 
does  deplete  and  redoping  is  necessary  -  see 
next  section). 

Shell  practice  at  refineries  is  to  make  a 
cocktail  of  ASA-3  with  other  additives  (for 
example  the  anti-oxidant  as  mandatory  in 
hydrotreated  fuels  in  British  specifications) , 
Tests  have  shown  that  the  performance  and 
stability  of  the  ASA-3  cocktail  is  satisfactoiy. 

If  r.o  other  additive  is  added  at  the 
refinery  we  recommend  that  a  stock  solution 
of  ASA-3  up  to  about  10%  should  be  made  up 
(in  aviation  kerosine).  This  is  readily 
handled  and  is  much  more  convenient  than  the 
addition  of  the  additive  on  its  own 
particularly  ir.  view  of  the  very  low 
concentrations  employed , 

In  the  simplest  case,  the  additive  can 
be  added  to  storage  tanks  or  bridging 
vehicles,  preferably  during  replenishment 
when  the  movement  of  fuel  in  the  tanks  is 
quite  sufficient  to  cause  rapid  homogeneity. 

For  refinery  and  pipeline  supplies 
continuous  injection  is  preferable  and 
typical  additive  injection  methods  and 
suggestions  are  given  ir.  the  Appendix. 

To  safeguard  their  own  operations  the 
injection  of  ASA-3  at  Shell  refineries  has 
been  practised  for  over  10  years  on  the  full 
range  of  distillate  products.  In  the  case  of 


TABLE  1  —  Introduction  of  ASA-3  at  major  civil  airfields 


mi 

1967 

1968 

GANDER 

ATHENS  (A-1) 

BARCELONA 

MONTREAL 

BANGKOK  (B) 

BEIRUT 

OTTAWA 

BATHURST  (GAMBIA) 

BIRMINGHAM  (UK) 

QUEBEC 

BELEM  (BRAZIL) 

CAPE  TOWN 

TORONTO 

BELFAST 

CHRISTCHURCH 

VANCOUVER 

BREMEN 

(NEW  ZEALAND) 

WINNIPEG 

COPENHAGEN 

DURBAN 

DAR-ES-SALAAM 

EAST  LONDON 

1364 

FUKUOKA  (JAPAN) 

EDINBURGH 

GATWICK  (UK) 

FREETOWN 

LONDON  (B) 

GLASGOW  (UK) 

(SIERRA  LEONE) 

GRONINGEN  (HOLLAND) 

GUERNSEY 

1261 

HAMBURG  (A-1) 

JERSEY 

HELSINKI 

JOHANNESBURG 

DARWIN 

DUS3ELD0RF 

LAGOS 

LONDON  (A-1 ) 
SCHIPHOL  (B) 
SHANNON 

HONG  KONG 

KUWAIT 

ISTANBUL 

KLAGENFURT  (AUSTRIA) 

LIVERPOOL 

LUNGI  (SIERRA  LEONE) 

KUALA  LUMPUR 

LUTON  (UK) 

MADRID 

MANCHESTER  (UK) 

MALTA 

NICE 

PARIS  (ORLY) 

PORT  ELIZABETH 

MARSEILLE 

PORTO  ALEGRE 

MILAN  (LIN ATE) 

ROME 

1263 

MILAN  (MALPENSA) 
MONTEVIDEO 

ROTTERDAM 

ACCRA 

PANAMA 

ADEN 

PRESTWICK  (UK) 

12.62 

AMMAN 

RECIFE 

ATHENS  (B) 

RIO  DE  JANEIRO 

BUENOS  AIRES 

SAO  PAULO 

ADELAIDE 

CURACAO 

SINGAPORE 

COLOGNE 

GIBRALTAR 

STANDSTED  (UK) 

CORK 

HAMBURG  (B) 

STOCKHOLM 

DOHA 

JERUSALEM 

TENEuIFFE 

DUBLIN 

OSLO 

TURIN 

FRANKFURT 

PRESTWICK  (B) 

TUNIS 

KHARTOUM 

SCHIPHOL  (A-1) 

VIENNA  (A-1) 

PAU4A  DE  MAJORCA 

TRIPOLI 

- i 

ZURICH 

PORT  OF  SUDAN 

1222 


A3U  DHABI 

ADDIS  ABABA 

ANKARA 

ANTWERP 

ASMARA 

AUCKLAND 

BEIKA 

BERGEN 

BERLIN 

BERMUDA 

BLANTYRE 

BRUNEI 

BRUSSELS 

CAGLIARI  (ITALY) 

CAIRO 

CORFU 

DAKAR 

DANANG 

ENTEBBE 

FRANCISTOWN 

(BOTSWAN  .) 

GENOA 

GOTTENBURG 

GENEVA 

GRAZ  (AUSTRIA) 

HANOVER 

INNSBRUCK 

JEDDAH 

KANO 

KARACHI 

KEFLAVIK 

KINGSTON 

LAE 

LINZ  (AUSTRIA) 

LISBON 

LIVINGSTONE 


LOURENCO  MARQUES 

LUSAKA 

MAHE 

(SEYCHELLES) 

tit  v  *»; , 

MANILA 

MARACAIBO 

MOMBASA 

MONTEGO  BAY 

MUNICH 

NAIROBI 

NAPLES 

NASSAU 

NDOLA 

NICOSIA 

NUREMBURG 

OPORTO 

OSTEND 

PALERMO 

PORT  OF  SPAIN 

PORT  MORESBY 

RABAUL 

(NEW  BRITAIN) 
REYKJAVIK 
RHODES 
RIMINI 
SAIGON 
SAL  (CAPE 

VERDE  IS.) 
SALONIKA 
SALZBURG 
!  STAVANGER 
STUTTGART 
TRONDHEIM 
VENICE 
WINDHOEK 
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aviation  fuels  however,  refinery  doping 
started  in  Canada  at  an  early  date  and  latei- 
oprsad  to  Shell  refineries  in  Holland, 
Switzerland  and  Argentine  by  1967,  Italy  and 
the  United  Kingdom  in  1968,  but  it  was  only 
some  two  years  ago  that  refinery  doping 
became  general  practice.  Shell's  policy  is 
tc  have  *>  target  conductivity  for  turbine 
fuels  of  200  t  SO  conductivity  units9 at  the 
refinery.  Data  ct‘ aimed  during  the  initial, 
introduction  at  refineries  has  shown  that  this 
level  was  adequate  to  allow  for  any  increase 
in  conductivity  when  moving  fuel  from  a  cold 
to  a  warm  area  ana  also  provides  sufficient 
margin  to  guarantee  a  minimum  cf  50  conduct¬ 
ivity  units  at  the  aircraft  fuelling  vehicle 
in  the  vast  majority  of  slJL  distribution 
systems  except  multi-produc..  'inelines.  Ae 
have  found  no  difficulty  in  meeting  the  target 
figure  with  concentrations  with.n  the  maximum 
allowable  and  in  the  vast  majority  of  cases 
the  concentration  is  0,5  to  0.7  mg/l« 

The  amount  of  additive  used  depends 


largely  on  the  fuel  itself,  that  is,  the 
treating  process  and  shysical  clssr.tiireas  &:.d 
to  a  much  smaller  extent  the  normal  batch  tc 
batch  variations  in  effectiveness  cf  the 
additive  itself.  Generally  speaking  we  have 
found  that  fuels  witn  high  physical  clean¬ 
liness  and  low  surfactant  contents  have  better 
additive  susceptibilities  than  those  with 
relatively  large  amounts  of  particulate  matte* 
which  tend  to  adsorb  some  of  the  additive. 

'.f*  have  noted  that  other  additives  in 
combination  with  ASA-3  do  affect  the  conduct¬ 
ivity  but  where  an  additive  cocktail  is  used 
at  the  refinery,  this  effect  is  automatically 
compensated  for  by  aiming  at  a  particular 
target  conductivity  value.  The  phenolic  type 
anti-oxidants  in  general  have  a  slight 
conductivity  enhancing  effect,  whereas  fuel 
soluble  corrosion  additives  have  a  variable 
effect  according  tc  the  particular  adcitivr 
used.  The  summary  of  laboratory  data  on 
combinations  of  ASA-3  and  fuel  soluble 
corrosion  inhibitors  is  given  in  Table  2. 


TABLE  2:  Influence  of  Fuel  Soluble  Corrosion  Inhibitors  on  Electrical 
Conductivity  -  base  Fuel  Containing  0.73  bPm  ASA-3 


Corrosion 

Inhibitor 

«.  Addition 

SCE1  Level 

Hydrotreated  liisl 

Caustic 

Treated  Fuel 

Acid 

treated  Fuel 

Conduct¬ 

ivity 

Value 

pS/m 

Conductivity 
Change  Due 
Addition  FSCI 

Conduct¬ 

ivity 

Conductivity 
Change  Due 
Addition  FSCI 

Conduct¬ 

ivity 

Value 

pS/ra 

Conductivity 
Change  Due 
Addition  FSCI 

Value 

pS/m 

% 

Value 

t>S/m 

V  8  lUG 
dS/e 

% 

"all1'.' 

pS/m 

* 

Hitec  E51? 

MEC 

410 

+64 

+18 

I65 

+25 

+18 

MAC 

?90 

-56 

-16 

Hitec  ET34 

MEC 

400 

+64 

+  18 

170 

+30 

+2: 

MAC 

250 

-96 

-28 

Tolau  245 

MEG 

230 

-116 

-33 

MAC 

250 

-96 

-28 

Tolad  244 

MEC 

205 

-111 

-3! 

-56 

-40 

65 

-15 

-19 

MAC 

180 

-116 

-33 

AFA-1 

MEC 

346 

Nil 

Nil 

55 

-25 

-30 

MAC 

290 

-56 

-16 

Apollo 

MEC 

110 

-236 

-68 

6a 

-72 

-52 

45 

-35 

-44 

PRI-19 

MAC 

95 

-251 

-72 

Lubrizo.i. 

MEC 

350 

+4 

+  i 

541 

MAC 

350 

+4 

+1 

Nalco 

MEC 

345 

-1 

- 

5400 

_ 

MAC 

n  r  r\ 

■’•4 

+  1 

—  1 

Note  MEC  -  Minimum  Effective  Concentration 
MAG  -  Maximum  Allowable  Concentration 


*  1  conductivity  unit  -  1  pS/m 
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We  would  stress  that  this  is  laboratory  data 
and  in  the  case  of  Hitec  E515  (Santolene  C)  we 
found  in  the  field  that  there  was  no  difficulty 
in  maintaining  the  conductivity  of  Jet  B  fuel 
within  a  desired  range  W  adjusting  the  ASA- 3 
additive  concentration  accordingly.  More 
recently  in  the  case  of  mJLlte.ry  fuels  for 
ths  British  Ministry  of  Defence,  the  f*i<»1 
soluble  corrosion  Inhibitor  Hi toe  E5 1 5  is 
added  in  ccabination  with  icing  inhibitor  at 
the  airfield  or  some  i  ntermediate  point  in 
order  to  maximise  its  concentration  on  delivery 
to  the  aircraft  for  fuel  pump  protective 
purposes.  A  study  of  a  large  number  of 
readings  of  conductivity  afoer  the  addition  of 
the  fuel  soluble  corrosion  inhibitor  in  the 
field  to  fuel  doped  at  refineries  to  a  target 
figure  of  200  cif  indicated  average  final 
conductivity  of  280  cu  and  a  spread  of 
results  of  150 -590  cu. 

CONDUCTIVITY  LuSS  DURING  DISTRIBUTION  - 
As  might  be  expected  from  a  surface  active 
material,  exposure  of  non-equilibrated 
surfaces  to  fuel  containing  the  additive  will 
lead  to  partial  depletion.  This  is  true  of 
storage  tanks,  pipelines  and  even  fillers  but 
experience  ever  the  past  10  years  with 
refinery  injection  of  the  additive  enables  us 
to  say  that  equilibrium  conditions  are 
rapidly  achieved,  Dav'es  and  Knippl6  (5) 
reported  depletion  tests  in  Canada  with  up 
to  3&%  loss  of  conductivity  observed, 

Experience  outside  Canada  indicates  that  the 
major  losses  occur  during  ocear.  transport  and 
shore  pumping  and  that  losses  during  transport 
by  read  or  rail  tanker  or  in  a  dedicated  pipe¬ 
line  are  email.  Values  recorded  for  17  ocean 
cargoes  of  aviation  turbine  fuel,  are  shown  in 
Table  3.  In  general  a  loss  of  conductivity 
of  up  to  60%  is  found,  average  about  30%,  but 
only  very  rarely  in  the  case  of  distribution 
systems,  other  than  multi-product  pipelines, 
have  we  found  it  necessary  to  redope  to  ensure 
that  the  conductivity  at  the  aircraft  is 
greater  than  t.ie  recommended  safe  value  of 
50  cu. 

In  the  case  of  very  long  distance  trans¬ 
fers  especially  involving  multi-prcduct  pipe¬ 
lines  greater  depletion  has  been  found  and  we 
are  aware  of  the  „*ork  done  by  the  USAF  in 
moving  eloped  fuels  fr.-m  the  Gulf  oi  Mexico  to 
Maine.  We  would  comment  however  that  although 
the  conclusion  of  tne  programme  showed  that 
there  was  a  great  loss  of  additive  as  judged 
by  conductivity  loss,  it  is  our  understanding 
from  the  data  presented  b;  that  even  such  a 
complicated  system,  with  the  inclusion  of 
additives,  that  at  r.o  time  did  the  conductivity 
cf  the  fuel  at  the  tine  of  aircraft  fuojLing 
fall  below  the  recommended  safe  value  cf  50  cu. 

Our  experience  with  multi-product  pipe¬ 
lines  indicates  a  wide  variation  in  conduct¬ 
ivity  loss  -  presumably  due  to  wall  condition  - 
and  up  to  75%  drop  in  conductivity  has  bees. 

*  1  conductivity  unit  -•  1  pS/m 


recorded  even  in  a  short  (50  mile)  line.  We 
have  therefore  accepted  tne  fact  that  conduct¬ 
ivity  monitoring  and  ledoping  facilities  are 
essential  after  multi-product  pipeline 
movements.  Nevertheless,  tne  use  of  multi- 
product  pipelines  outside  North  America  is 
limited  and  She] 1 1  s  polic’  is  to  continue  to 
use  the  additive  at  the  refinery  to  protect 
operations  there  and  to  top-up  as  necessary 
at  pipeline  breakout  points. 

The  use  of  terminal  doping  or  r^doping  is 
made  more  necessary  where  clay  filters  are  used 
near  or  at  airfields  for  surfactant  removal. 
Tests  reported  by  the  Shell  Oil  Company  cf  the 
introduction  of  ASA-3  in  the  Des  Plaines  - 
0‘Kaie  distribution  system  indicated  that 
clay  nitration  was  found  tc  lower  conductivity 
significantly.  The  rapid  build  up  » 

ivity  as  fuel  throughput  increased  was  moo- 
apparent  and  conductivities  downstream  of  slay 
soon  reached  a  value  greater  than  the  minimum 
recommended  value  of  50  cu.  It  was  necessary 
in  these  trials  to  add  additional  ASA-3  at 
times  to  keep  ths  conductivity  at  the  desired 
level.  This  trial,  involving  some  6C  million 
USG  of  fuel,  showed  that  with  a  typical  North 
American  .-system  of  multi-product  pipeline, 
clay  treaters  and  filter  separators,  that 
there  .;is  no  difficulty  in  maintaining 
conductivity  w.-teln  the  desired  range.  With 
the  expensive  use  of  clay  in  the  United  States 
for  economic  raaeons,  Shell  Oil  Company 
recommend  that  the  additive  he  injected  down¬ 
stream  of  the  clay, 

EFFECT  CN  FUEL  PROPERTIES  I he  effect  of 
A  Sr  -3  on  general  fuel  properties  is  very  small 
■  weed  and  those  which  are  affected  are 
properties  which  might  be  expected  to  be 
affected  by  a  material  which  is  ionic  in 
nature.  These  are: 

Thermal  Stab  11  ity  -  The  additive  causes  no 
adverse  effect  in  the  CRC-ASTK  coker  under 
standard  tesi  conditions.  Under  more  severe 
conditions  tne  additive  can  cause  some 
improvement.  Further,  tests  on  a  large  scale 
rig  using  advanced  aircraft  filters,  heat 
exchangers  ind  burners  have  shown  that  ASA-3 
has  no  effect  on  deposits  in  pra.tical  systems. 
Incidentally  in  th’s  connection  the  greatest 
additive  effect  noted  and  the  cleanest 
components  seen  at  the  end  of  test  in  the 
large  scale  rig  was  with  a  combination  of 
ASA-3,  phenolic  anti-oxidant  and  approved 
metal  reactivator:  the  improvement  war 
equivalent  to  some  65~75°F  in  thermal 
stability  threshold  temperature. 

WSIM  Value  -  Incorporation  of  ASA-3 
generally  res  alts  in  a  drop  in  the  WSIM 
value.  The  amount  is  variable,  in  today's 
high  quality  fuels  with  initial  WSIM  values 
between  95  and  100,  only  a  drop  of  a  fev 
numbers  is  obtained.  With  borderline 
quality  fuels  with  WSIM  values  of  a  range  of 
35  to  90  the  effect  can  be  .greater  but  it  is 
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Average  162) 


our  experience  that  in  ail  the  tests  reported, 
involving  well  over  1,000  samples,  the  result¬ 
ant  drop  still  rarely  produces  a  final  value 
bel*w  70,  despite  the  poor  reproducibility  of 
the  test . 

EFFaCl  ON  FUEL  CLEANLINESS  AND 
FILTRATION  -  All  fuels  to  some  degree  carry 
particulate  material  which  may  be  adventitious 
contamination  from  the  construction  of  equip¬ 
ment,  be  generated  in  storage  tanks,  . n  pipe¬ 
lines  or  may  be  taken  in  suspended  L.  the  air 
breathed  into  tanks.  Predominantly  the  solid 
b'trden  carried  by  fuels  is  iron  oxide  arising 
from  mill  scale  dislodged  from  steel  equipment 
or  rust  formed  on  th6  surfaces  of  storage  tanks 
or  pipe  walls.  Little  other  than  good  house¬ 
keeping  is  required  to  deal  with  most  of  the 
mill  scale  and  rusting  of  pipelines  is 
controlled  by  the  use  of  corrosion  inhibitors. 
Nevertheless  some  contamination  persists  pnd  ir 
kept  to  low  levels  by  careful  filtration  at  the 
airfields.  Regular  -nillipore  checks  at  air¬ 
fields  are  used  to  monitor  the  performance  of 
these  filters  and  careful  examination  of  the 
records  of  such  checks  following  the  intro¬ 
duction  of  ASA-1  has  revealed  no  change  in  the 
position.  Indeed  when  ASA-1  was  b  .ng  intro¬ 
duced  at  Glasgow  (Abbotsinch  Airport)  in  1967 
continue  i  monitoring  of  the  effluent  of  fixed 
filtratiu.  units  was  used  to  verify  that  the 
introduction  of  the  additive  did  not  give  rise 
to  a  release  of  solids  from  the  walls  of  the 
system  pipework  or  partially  loaded  filter 
element.  Samples  taken  at  the  end  of  the 
aircraft  fuelling  hose  showed  solids  levels 
of  below  0.0 !  mg/litra  which  were  lower  than 
the  average  for  the  previous  12  months,  and 
there  was  no  evidence  of  surges  of  particles 
as  the  ASA-3  was  introduced. 

As  regards  the  longer  term,  data  has  been 
recorded  of  pai  <iculate  matter  in  aviation  fuels 
at  airports  before  and  after  the  addition  of 
ASA-3.  Typical  figures  from  Shell  records  are 
giver  in  Figure  9.  It  will  be  noted  that 
neither  in  the  short  or  longer  term  was  any 
significant  increase  or  decrease  in 
particulate  matter. 

Similar  data  was  obtained  during  1 967  and 
1968  when  an  industry  evaluation  of  ASA-3  was 
conducted  at  8  international  airfields  in 
Europe  and  Asia  where  the  fuel  was  applied  by 
a  number  of  companies.  During  the  evaluation, 
involving  mo^e  than  120  million  USG  of  doped 
fuel,  over  1 ,00G  fuel  samples  were  tested  for 
solids,  water  content  and  WSIM  value  before  and 
after  the  addition  of  ASA-3  to  the  system.  The 
supplying  fuel  companies  conducting  the 
evaluation  concluded  that  all  the  millipores 
were  at  a  satisfactory  low  revel  both  during  the 
undoped  and  dopad  phases  of  the  evaluation. 

In  addition  they  concluded  that  the  water 


level;-  were  unaffected  by  the  addition  of 
ASA-3  and  under  the  conditions  of  the 
evaluation  the  ASA-3  increased  the  conductivity 
of  the  fuei  to  a  desirable  range  of  50  to 
300  cu. 

It  is  conceded  that  in  view  of  the 
surface  active  nature  of  ASA-3  there  will  be  a 
tendency  to  maintain  solid  particles  in 
Si_;pension  rather  more  than  in  the  absence  of 
the  additive.  Laboratory  checks  demonstrate, 
however,  that  its  effect  in  this  respect  is 
significantly  less  than  other  surfactants 
whicn  often  are  found  indigenously  in  aviation 
kerosine.  Criticisms  have  beer,  levelled  at 
the  additive  in  respect  of  this  particular 
feature  and  suggestions  made  that  one  case 
accumulations  of  red  iron  oxide  +  1556  sodium 
chloride  in  aircraft  fuel  systems  was 
occasioned  by  the  use  of  l  he  additive.  However, 
millipore  results  demonstrate  that  equilibrium 
rust  levels  In  the  fuel  are  similar  with  and 
without  ASA-3  indicating  no  justification  for 
concern  in  this  respect, 

EFFECT  ON  FILTER  SEPARATORS  -  For  several 
years  criticism  has  been  levelled  a.  ASA-3  in 
that  being  surface  active  it  is  adsorbed  onto 
the  elements  of  filter  separators.  There  have 
been  fears  that  tnis  action  would  reduce  their 
ability  to  coalesce  water  droplets  to  a 
sufficient  size  to  be  able  to  settle  under 
gravity.  These  fears  appeared  tc  be  supported 
by  laboratory  tests  for  example  carried  out  by 
some  f ilter/separator  manufacturers  using 
MIL-8901 A  techniques  where  it  was  claimed  that 
detrimental  effects  of  the  additive  were 
demonstrated. 

it  is  true  that  the  additive  is  surface 
active  and  does  adsorb  to  an  equilibrium 
level  onto  the  separator  elements  in  contact 
with  that  fuel.  In  early  Shell  laboratory 
tests  some  effect  was  shown  under  severe 
conditions  of  water  addition,  but  the  results 
were  never  consistent  and  were  in  keeping  with 
the  considerable  variation  in  performance  of 
individual  coalescer  elements.  This  factor 
therefore  has  receive'1  considerable  attention 
not  only  by  Shell  but  others  1 '.ft  study  the 
effect  in  the  field  under  evaluation  and  normal 
service  conditions. 

The  majority  of  the  experience  to  date  has 
been  most  favourable.  Full  scale  tests  by  Pram 
of  Glamorgan,  United  Kingdom,  in  19&4  indicated 
no  effect  whatsoever  on  water  contents  of  fuel 
downstream  of  the  filter  separator  element  with 
and  without  0.75  mg/l  i.SA-3.  Tests  on  parallel 
systems  with  the  same  fuel  with  ana  without 
ASA-3  at  London  Airport  in  19bt>  again  showed 
no  significant  difference  in  coalescer  element 
performance  after  5  million  gallons  throughput 
each  of  doped  and  undoped  fuel.  Subsequently 
a  watch  has  been  kept  on  filter  separator 
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performance  at  airfields  where  ASA-3  has  been 
introduced  by  Shell  outside  the  United  States 
and  we  can  ray  categorically  that  there  ha’- 
been  no  significant  deterioration  in  filter 
separator  performance  noi  any  water  problems 
due  to  filter  separator  coalescers  weing 
disarmed  by  the  ASA-3. 

Experience  in  Canada,  reported  by  Davies 
and  Knipple,  indicated  that  under  the  severe 
Canadian  conditions  both  the  field  9xperience 
and  the  reports  from  the  major  filter 
separator  manufacturers  indicated  no  adverse 
effect  on  operation  efficiency  or  life  due  to 
the  incorporation  of  the  anti-static  additive. 

A  study  of  many  fuel  evaluations  conduct¬ 
ed  by  others  or  in  co-operation  with  Shell  and 
involving  hundreus  of  millions  of  gallons  have 
given  the  following  general  picture: - 

(1)  That  the  performance  of  filter 
separators  is  most  variable  with  undoped  fuel, 
with  elements  which  ha1'?  never  seen  fuel  with 
ASA-3. 

(2)  That  in  sevs.al  of  the  evaluations  - 
for  example  the  co-operative  study  at  8  major 
international  airports  and  the  U3AF  evaluation, 
both  mentioned  earlier,  there  was  no  apparent 
effect  on  filter  separator  performance  using 
ASA-3  doped  fuel. 

(3)  In  one  field  evaluation  at  Atlanta 
Georgia  by  Shell  Oil  Company  in  co-operation 
with  United  Airlines  it  -'as  reported  that  ASA-3 
had  only  a  slig  f  effect  on  filter  separator 
performance  with  one  manufacturer's  elements? 
in  the  case  of  a  second  manufacturer' s  elements 
it  might  be  expected  that  element  life  would  be 
reduced  somewhat  with  ASA-3  doped  fuel. 

(4)  In  a  more  recent  investigation 
conducted  by  Shell.  Oil  in  co-operation  with 
others  at  C'Hare  as  mentioned  earlier,  some 
elements  performed  adequately  with  ASA-3  dopec' 
fuels  but  others  were  adversely  affected  and 
were  not  considered  suitable  for  uss  with  ASA-3. 

All  the  above  experience  indicates  that 
fully  satisfactory  experience  can  be  achieved 
in  the  majority  of  cases  quite  naturally, 
but  that  for  distribution  systems  which  rely 
completely  upon  filter  separator  elements  a 
prudent  solection  of  coalescer  model  is 
recommended. 

In  view  of  the  varying  performance  ol' 
different  units  and  the  growing  use  of  ASA-3 
the  API  have  developed  recently  a  specifi¬ 
cation  for  filter  separator  elements  which 
incorporates  a  type  teat  on  fuels  doped  with 
ASA-3  and  other  additives.  I vnufacturers  are 
now  offering  units  which  p^ss  these  specifi¬ 
cation  requirements  and  these  are  giving 
satisfactory  service  in  the  field. 


FURTHER  STUDIES 

Snell  are  convinced  that  a  conductivity 
improving  additive  can  offer  a  viable  system 
to  contain  problems  due  to  an  electrostatic 
discharge  without  significant  side  effects. 
Nevertheless  the  fact  that  ASA-3  does  reduce 
the  WSIM  value  and  also  depletes  in  pipeline" 
and  during  passage  through  clay  filters  has 
given  rise  to  severe  criticisms.  A  research 
effort  to  examine  alternative  materials 
continues.  To  date  over  70  have  been  studied 
but  none  have  combined  a  better  improvement  of 
conductivity  and  a  lower  numerical  reduction 
in  USIM  and  depletion  characteristics.  The 
work  Jontinues  but  it  is  only  fair  to  point 
out  that  we  are  not  optimistic  of  its  success 
certainly  within  the  short  term. 

In  view  of  the  tremendous  cost  of  clearing 
additives  such  as  ASA- 3  for  possible  adverse 
effects  on  fuel  quality  or  aircraft  systems 
we  question  whether  there  la  any  point  in 
clearing  novel  additives.  From  a  purely 
commercial  point  of  view  the  total  sales  any 
additive  used  at  the  lew  concentrations  of 
ASA-3  will  be  low  -  even  if  all  the  aviation 
turbine  fuel  in  the  world  outside  communist 
areas  -  both  military  and  civil  -  were  doped 
with  ASA-3,  the  total  additive  sales  would 
only  amount  to  about  ^5  tons  per  annum.  To 
da  *  ell  the  alterative  proprietary  additives 
we  have  seen,  whilst  being  suitable  for'  non¬ 
aviation  fuels  do  not  appear  to  be  particularly 
attractive  in  aviation  turbine  fuels  due  to 
cost,  poor  additive  response  or  possible  side 
effects.  We  reiterate  that  ASA-3  is  made 
available  to  any  user  without  restriction  and 
has  been  so  sinc‘  the  additive  was  introduced? 
thus  the  present  position  does  not  constitute, 
in  our  opinion,  any  impedime~t  to  the  univer¬ 
sal  adoption  of  the  system. 
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HOW  TO  ADD  ASA-3  TO  AVIATION  TURBINE  FUEL 

STOCK  SOLUTION  -  Due  bo  the  very  small 
quantity  of  ASA-3  required  in  the  finished 
product,  (about  0*6  p.p.m.  mg/litre),  it  is 
normally  more  convenient  to  make  up  a  stock 
solution,  1.6,  a  pre-diiuted  ASA-3  solution 
and  add  this  to  the  product. 

For  example,  a  stock  solution  containing 
34.  1  gm  ASA-3,  made  up  to  1  litre  with  Jet  A-1 
Fuel  (i.o.  a  wt/vol  solution  approximately), 
which  became  known  as  'ASa-3  Mix",  has  been 
used  extensively  and  successfully.  100  cl  of 
such  a  stock  solution  when  added  to  1 ,000 
Imperial  gallons  of  a  product  gi/es  a 
concentration  of  0.75  p.p.m.  ASA-3  in  the 
finished  product.  Stock  solutions  in  other 
proportions  can  of  course  be  prepared, 

ADDITION  METHODS  -  Some  possible  ways  for 
injecting  the  stock  solution  are  illustrated 
in  Figures  1  to  5  attached.  Depending  on  the 
rate  of  injection,  the  type  of  equipment  used, 
etc. ,  it  is  possible  that  a  stock  solution  of 
different  concentration  to  that  prepared  as 
detailed  i:i  the  second  paragraph  above  may  be 
necessary  or  desirable  at  some  locations. 

Figure  1  is  a  diagrammatic  arrangement 
for  a  simple  ratio  control  system.  It 
operates  on  the  principle,  that  if  two  liquids 
which  are  to  be  blended  in  a  specific  propor¬ 
tion  are  passed  through  an  orifice  before  the 
point  of  junction,  then  the  volumetric  blend 
ratio  will  be  in  proportion  to  the  ratio  of 
the  orifice  areas,  provided  the  pressure  loss 
across  each  orifice  is  maintained  at  the  same 
value.  Pressures  Pi  and  P^  can  be  equalised 
by  a  control  valve  in  the  additive  line, 
actuated  by  a  diaphragm,  with  pressure  sensing 
lines  on  either  side,  connected  to  tappings 
upstream  of  the  two  orifices.  Provided  the 
additive  stock  solution  car.  be  pumped  m  at  en 
adeouate  pressure  a  constant  blend  ratio  will 
be  achieved.  Such  a  system  can  be  designed 
and  constructed  using  conventional  control 
equipment.  It  is  also  possible  to  use  a 
system  whereby  the  blend  ratio  (additive/ 
product)  can  be  adjusted  by  using  a  manually 
operated  accurate  type  regulating  valve  with 
position  indicator  device  in  place  of  the 
orifice  in  the  additive  line.  A  small  meter 
and  strainer  in  this  line  will  be  most  help¬ 
ful  to  calibrate  the  equipment  and  check  the 
performance.  Equipment  of  this  nature  is 
made  by  Elliot t-Automation  Control  Valves  Ltd. 
(Fisher  Governor  Division)  as  a  packaged  unit 
to  include  main  and  additive  iine  jnool  nieces, 
meter,  control  valve,  regulating  val'«,  etc. 


Figure  2  is  a  system  using  a  smell 
proportioning  pump,  powered  by  a  fractional 
horse  power  electric  motor.  The  injection 
rate  of  these  pumps  can  bo  vari  ;d  by  stroke 
adjustment  using  a  micrometer  or  similar 
attachment.  The  pumps  are  manufactured  in  a 
number  of  sizes  to  cover  all  injection  rates, 
likely  to  be  encountered  in  practice. 

In  using  such  pumps,  it  is  recommended 
that  a  calibrated  gauge  glass  or  similar 
attachment  is  provided  on  the  suction  side 
to  verify  the  injection  rate  periodically. 

If  the  flow  rate  in  the  main  line  varies 
significantly,  it  will  be  necessary  to  install 
a  flr<w  measuring  device  (e.g.  orifice)  in  the 
main  line  and  use  this  to  adjust  the  stroke  or 
speed  of  the  injection  pump  to  oe  in  propor¬ 
tion  to  the  main  flow. 

Figure  3  is  an  example  of  a  self-powered 
system  using  a  metering  pump,  such  as  manu¬ 
factured  by  McFa.land  Engineering  and  Pump 
Co.  Inc,,  Houston,  Texas  or  which  can  be  used 
with  some  meters  such  as  those  manufactured  by 
A\ ery-hai-doll  and  Bopp  and  Reuther,  by 
connecting  a  small  injection  pump  to  the  rotor 
shaft.  It  is  also  possible  to  use  small 
injection  pumps  on  other  meters  such  as  those 
manufactured  by  Vayne-Smith  and  Brodie,  which 
are  controlled  and  actuated  pneumatically  by 
instrument  air,  which  is  normally  avsilaole 
at  refineries  and  some  installations. 

Figures  4  and  5  snow  two  simple  and 
inexpensive  non-flow  proportional  systems, 
which  have  to  be  operated  and  controlled 
manually.  These  have  been  use4  successfully 
for  batch  wise  operation  at  marketing 
installations  or  with  aviation  fuelling 
facilities. 

Other  manual  methods,  which  nave  also 
beer'  used  satisfactorily  for  adding  ASA-3  at 
airfields,  inland  depots  and  main  installation 
are  the  following: - 

Product  Received  by  Road  or  Rail  -  Pour 
the  appropriate  quantity  of  stock  solution 
either  (a)  into  each  receiving  tank  or  (b) 
into  one  compartment  of  each  vehicle  and 
discharge.  (The  amount  used  should  take 
into  account  the  total  Lank  contents  includ¬ 
ing  dead  stock,  when  a  partly  filled  tank  of 
undoped  fuel  is  to  be  treated ) , 

Product  Received  by  Coastal.  Inland 
Waterway  Vessels  or  Tanxer^  -  To  provide  ti.o 
greatest  measure  of  protection  ASA-3  stock 
solution  snould  be  added  in  the  appropriate 
quantity  to  each  tank  of  the  ship  from  which 
product  is  to  be  received. 

If  for  any  reason  doping  on  the  vessel 
is  impracticable  then  the  appropriate  quantity 
of  A3A-3  stock  solution  should  be  added  to 
tr.e  receiving  tank  before  discharge. 
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Protective  System  Measures  For  Aviation  Fuel 
Handling 

W.  G.  Dukek  &  It.  C.  Bachman 

Esso  Research  and  Engineering  Company 

ABSTRACT 

There  is  increasing  interest  in  fiber¬ 
glass  reinforced  plastic  (FRP)  pipe  for  mini¬ 
mizing  contamination  in  ground  handling  of 
aviation  fuels.  This  report  presents  the  re- 
suits  of  c  study  conducted  to  dotottnlno  if 
static  electricity  hazards  would  be  increased 
by  substituting  FRP  for  metal  pipe  in  such 
systems.  Experiments  were  conducted  in  6  inch 
diameter,  matched  volume,  carbon  ateel  and 
Bondstrand  2000  pipes  at  four  fuel  conductivi¬ 
ties  between  0.2  and  5."  CU  and  at  flow  rates 
between  200  and  1500  GPM  at  controlled  tem¬ 
peratures. 

Charge  generation  in  the  pipes  was  low 
(2.5  uC/md  maximum  with  0.9  CU  fuel  at  1200 
GPM  in  steel);  generation  in  FRP  wus  generally 
less  than  in  steel. 

Relaxation  in  FRF  pipe  depended  on  fuel 
polarity;  on  the  average,  relaxation  was  8  per¬ 
cent  faster,  with  negatively  charged  fuel  and 
50  percent  slower  with  poslti.ely  charged  fuel 
than  in  steel.  The  slower  relaxation  should 
not  prevent  (he  use  of  FRP  in  Type  III  Air 
Force  hydrant  systems  handling  JP-4  where  a 
minimum  of  2  minutes  residence  time  would  he 
available  qow  at  ream  of  filter-separator  at 
the  maximum  ow  rates  anticipated. 

Voltages  up  to  55  KV  were  measured  on  the 
FRP  pipe  and  sparks  up  to  1/2  inch  long  could 
be  discharged  from  ungrounded  metal  components 
cr.  the  FRP  pipe.  These  effects  should  be  of  no 
concern  in  underground  installations. 

An  evaluation  of  the  A.  0.  Smith  Static 
Charge  Reducer  (SCR)  showed  that  it  was  more 
efficient  with  positively,  than  negatively 
charged  fuel  and  Chat  deposit  buildup  could  re¬ 
duce  its  efficiency.  The  data  suggest  that 
static  electricity  hazards  might  exirt  down¬ 
stream  of  an  SCR  although  the  average  charge 
level  is  below  30  uC/m3. 

TWO  GENERAL  APPROACHES  are  taken  for  dealing 
with  the  tendency  of  highly  resistive  hydrocar¬ 
bon  fluids  to  generate  and  accumulate  static 
charges  in  high-speed  flow  through  a  handling 
system.  The  first  approach  attempts  to  deal 
with  the  charged  fluid  by  providing  r.  positive 
means  for  charge  relaxation  processes  to  occur 
before  the  fluid  is  delivered  to  the  receiving 
vessel,  such  as  an  aircraft  tank.  The  second 
approach  ia  to  minimize  charge  generation  in 
the  first  place. 

Techniques  for  dealing  with  charged  fluids 
either  by  changing  the  electrical  resistivity 
of  the  fluid  to  speed  up  charge  relaxation — the 
anti-static  additive  approach — or  by  providing 
a  vessel  or  pipe  with  sufficient  residence  time 
for  normal  charge  relaxation  processes — the  re¬ 
laxation  tank  approach — are  well  known  in  the 
art.  A  new  type  of  relaxation  device  which  has 


been  marketed  for  the  past  few  years  Is  the 
Static  Charge  Reducer(l)*;  it  is  claimed  to 
provide  in  a  fraction  of  a  second  the  charge 
reduction  equivalent  to  a  relaxation  tank. 

The  second  approach,  that  of  minimizing 
charge  generation,  has  been  difficult  to  a- 
chieve  in  avia tlon  fuel  handling  systems  because 
the  filter-separators  which  are  recognized  to 
be  prolific  generators  of  static  charge  are  es¬ 
sential  tc  remove  particulates  and  free  water 
from  fuel  before  It  is  delivered  into  aircraft. 
One  course  presently  being  Investigated  is  ac¬ 
tively  tc  seek  and  install  the  types  of  filter- 
coalescers  and  separators  which  are  inherently 
low  charge  generators  by  virtue  of  their  design 
or  material  of  cousttuction.  Such  a  program  is 
being  carried  out  by  the  Coordinating  Research 
Council  in  full-scale  tests  of  commercial 
equipment  at  alrports(2). 

PLASTIC  PIPF.  TO  ELIMINATE  FINAL  FILTERS 

Another  course  is  represented  by  the 
"sanitary  system"  concept  which  eliminate!',  the 
need  for  the  final  filter  by  substituting  non- 
corrosive  pipe  tor  the  steel  normally  used  fir 
hydrant  systems.  While  ordinary  steel,  inter¬ 
nally  coa!  d  with  plastic,  aluminum  or  stain¬ 
less  steel  can  eliminate  or  minimlue  corrosion, 
a  new  material,  fiberglass  reinforced  plastic 
(FRP),  offers  some  additional  advantages  which 
make  it  attractive.  It  is  less  expensive  than 
aluminum  or  stainless  steel,  and  promises 
easier  and  faster  installation,  has  lower  fric¬ 
tion  losses  and  shows  some  superior  mechanical 
properties  over  metal  piping. 

The  use  of  FRP  pipe  for  aircraft  fueling 
systems  has  been  extremely  limited.  The  Air 
Force  has  a  few  specialized  Installations  in¬ 
ducing  a  prototype  C-5A  facility  at  Edwards 
A.r  Force  Base,  an  underwater  POL  line  at 
Eniwetok,  and  a  test  section  at  Patrick  Air 
Force  Base.  One  reason  for  the  go-slow  ap¬ 
proach  in  the  use  of  FRP  in  hydrant  systems  for 
aircraft  fueling  has  been  concern  about  the 
possible  electrostatic  hazards  posed  by  using 
this  non-conductivc  material  in  a  system  that 
normally  uses  highly  conductive  metal.  This 
?port  summarizes  a  study  carried  out  for  the 
Air  Force  in  a  full-scale  Fueling  Facility  at 
Esso  Research  and  Engineering  Company  at 
linden,  New  Jersey  to  investigate  this  con- 
cern(3) . 

WHY  PLASTIC  PIPF  MAY  PRESENT  A  PROBLEM 

When  charged  fluid  is  introduced  into  con¬ 
ductive  metal  pipe,  charge  carriers  migrate  to 
the  walls  to  recombine  with  charge  of  opposite 
polaiity  through  ground.  With  an  excellent 
electrical  Insulator  like  FRP  pipe,  there  is 
the  theoretical  possibility  that  charge  recom¬ 
bination  processes  might  be  reduced  or  limited 

*  Numbers  in  parentheses  designate  References 
at  end  of  paper. 


-wfe'W'AV 


even  if  the  exterior  of  the  pipe  is  grounded 
as  in  underground  installations.  The  resistiv¬ 
ity  of  FRP  pipe  could  also  result  in  accumula¬ 
tion  of  charge  on  its  surface  leading  to  volt¬ 
ages  high  enough  to  produce  discharges  to 
ground;  such  dischaiges  migh*  puncture  the  pipe 
wall  or  act  as  an  ignition  source  for  flammable 
vapors. 

The  primary  objective  of  the  Esso  Research 
investigation  was  to  determine  if  there  was  any 
significant  difltrence  between  FRP  and  steel 
pipe  in  either  charge  generation  or  relaxation 
which  mighr  restrict  che  use  of  FRP  in  avia¬ 
tion  fuel  hydrant  systems. 

A  review  of  the  literature  indicated  that 


times  to  evaluate  the  charge  generation  and 
relaxation  processes. 

Jet  A  with  a  flash  point  of  120°F  was 
u9ed  'nstead  of  more  volatile  JP-4  to  minimize 
the  possibility  of  ignition  in  cane  of  a  fuel 
spill  and  also  to  permit  precise  control  of 
conductivity  by  addition  of  pro-static  agent. 
This  control  is  difficult  with  JP-4  because  of 
its  normal  additive  package  of  corrosion  in¬ 
hibitor  and  anti-icing  agent. 

A  Static  Charge  Reducer  was  incorporated 
into  the  test  facility  so  that  this  new  tech¬ 
nique  for  relaxation  ot  charged  fluid  could  be 
compared  with  conventional  relaxation  in  pipe 
lengths. 


charge  generating  characteristics  of  FRF  pipe 

would  be  small  and  little  different  from  metal  TEST  FACILITY 


pipe.  With  «-espect  to  charge  relaxation, 
limited  data  suggested  that  charge  decay  rate 
would  be  slower  in  plastic.  Pipe  resistivity 
seemed  to  be  a  major  factor  in  determining 
whether  a  hazardous  situation  could  develop. 

For  example,  visible  discharges  and  voltages 
high  enough  to  puncture  the  pipe  wall  have 
been  observed  with  Tef  .on  pipe.  (4)  Only  one 
previous  study  had  beet  carried  out  to  inves¬ 
tigate  charge  relaxation  in  a  full-scale  sys¬ 
tem  using  comraercl?  ./  available  TRP  pipe.  The 
study,  carried  Out  at  CLA-VAL  Corp. ,  Newport 
Beach.  California  in  early  1969  was  of  limited 
value  because  the  fuel  electiical  properties 
were  not  clearly  defined. 15) 

It  was  concluded  that  a  side-by-side  com¬ 
parison  of  ooth  pipe  types  under  closely  con¬ 
trolled  conditions  using  fuels  covering  a 
range  of  properties  was  required  before  any 
recommendations  could  be  made  regarding  the 
use  of  FRP  in  place  of  metal  pipe  in  aviation 
fuel  handling  systems. 

TEST  PROGRAM 


The  base  facility,  contain  .ng  storage 
tanks,  cleanup  filters,  refrigt  ation  equip¬ 
ment,  flow  meter  and  pumps,  has  been  des¬ 
cribed  previously  in  an  Esso  Research  static 
report. (6)  It  contains  a  20,000  gallon  supply 
of  test  fuel,  which  can  be  carefully  con¬ 
trolled  in  contaminant  level  and  temperature 
and  supplied  to  the  test  pipe  sections  at  flow 
rates  up  to  1500  GPM.  Epoxy-coated  tanks  and 
stainless  steel  piping  insures  minimum  uncon¬ 
trolled  contamination. 

The  test  section,  shown  schematically  in 
Figure  i,  contains  a  commercial  1100  GPM 
filter-sapnrator  (F-S)  and  a  pair  of  60G  GPM 
filter-monitors  (F-M)  which  deliver  charged 
fuel  to  the  test  pipe  sections.  These  units 
are  in  parallel  with  a  bypass  line  through 
which  essentially  uncharged  fuel  can  be  pro¬ 
vided.  The  filters  are  electrically  isolated 
by  Teflon  pads  and  gaskets  so  that  charge  gen¬ 
erated  in  either  device  can  be  determined  by 
direct  measurement  of  current  flow  to  ground. 

An  A.  0.  Smith  Static  Charge  Reducer  (SCR) 


In  order  to  study  the  pertinent  viriables 
affecting  charge  generation  and  relaxation, 
experiments  were  conducted  in  nominal  6-inc'n 
diameter  FRP  (Bondstrand  2000)  and  carbon  steel 
pipes  which  were  carefully  matened  in  volume. 
The  pipe  sections  were  installed  above  ground 
to  facilitate  detection  of  electrical  phenomena 
and  to  evaluate  grounding  of  FRP  pipe.  The 
test  pipes  were  integrated  into  an  existing 
facility  ahici  could  provide  charged  fuel  for 
evaluating  ebaif.e  relaxation  or  essentially  un¬ 
charged  fjel  f(  r  evaluation  of  charge  genera¬ 
tion  in  the  test  pipes. 

Chaise  generation  and  relaxation  were 
based  on  continuous  measurement  of  charge  den¬ 
sities  at  the  inlet  end  outlet  of  each  test 


with  a  bypass  line  was  installed  between  the 
outlet  of  the  filter/filter  bypass  array  and 
the  inlet  to  the  test  pipe.  A.  0.  Smith  Charge 
Density  Meters  (CDM)  were  installed  at  the  out¬ 
let  of  the  filter/f liter  bypass  array  3nd  ai 
the  inlet  and  outlet  of  the  test  pipe  section. 
Each  pipe  type  was  installed  in  two  lengths, 
as  shown  in  Figure  2;  a  U  approximately  30  ft. 
long  and  a  W  approximately  160  ft.  long.  Jum¬ 
pers  were  provided  so  that  the  two  pipe  lengths 
could  bu  joined  for  a  total  run  length  of  240 
ft.  for  each  pipe  type.  Fuel  was  supplied  to 
and  remeved  from  the  pipe  section  under  test 
by  pairs  of  3  inch  diameter  hoses  connected  to 
the  pipe  auction  under  test  through  the  CBM 
housings  at  the  pipe  inlet  and  outlet.  The 
CDM  housing  were  connected  to  the  test  pipe 


pipe  section.  ui~a  were  obtained  with  fuels 
that  ranged  in  res',  conductivity  from  a  high 
5.5  Conductivity  units  (CU) ,  representative 
of  JP-4,  down  to  0.2  CU  representative  of  re' 
fined  JP-5.  Data  were  obtained  over  a  range 
of  flow  rates  between  200  and  1500  GPM  (equi¬ 
valent  to  3.1  to  15.6  FPS  linear  velocity). 

Two  lengths  of  each  type  of  pipe  were  tested  in 
order  to  provide  a  wide  range  of  residence 


sections  by  Victaulic  fittings  for  easy  cou¬ 
pling  with  a  given  pipe  section  as  illustrated 
in  Figure  3. 

To  allow  for  direct  and  unambiguous  com¬ 
parison  of  charge  generation  an  I  relaxation  in 
the  two  pipe  types,  their  hold-up  volumes  were 
carefully  matched.  Although  both  were  nominal 
6"  pipe,  the  I.D.  of  FhP  --as  6.265"  compared 
with  an  I.D.  of  6.065"  for  st^el.  As  a  result, 
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Fie.  1  -  Schematic  of  the  test  section 


steel  runs  war a  somewhat  longer  than  the  FRP; 
the  c&Ic'iiatbd  volumes  Wore  136  gal.  for  the 
short  lengths  and  about  gal.  for  the  long 
(240  ft.)  lengths.  An  overall  view  of  the  Test 
Facility  is  shown  in  Figure  4, 

TEST  INSTRUMENTATION 

Charge  densities  were  measured  continu¬ 
ously  at  thrje  locations  (outlet  of  the  filter, 
inlet  and  outlet  of  test  pipes)  during  each 
test  using  A.  C.  Smith  Charge  Density  Meters 
(CDM)  (rotating  vane  fie-.d  strength  meters). 

The  usual  Keithley  Electrometer  was  replaced 
by  an  amplifier  ro  that  the  CDM  output  could 
be  monitored  and  recorded  remotel>  ir.  an  in¬ 
strument  van. 

Flow  rate  was  measured  with  a  turbine 
type  Pottermeter ,  Model  6x5-3555X,  with  an 
accuracy  of  1%  at  full  scale. 

Fuel  tempera. ure  was  measured  to  0.5°F 
with  a  calibrated  bimetallic  thermometer  lo¬ 
cated  ahead  of  the  valve  controlling  flow  to 
the  test  section. 

Rest  conductivity  was  measured  on  grab 
samples  collected  at  random  times  using  the 
new  precision  method  D  3114  developed  by  ASTI'. 
Samples  were  allowed  to  relax  at  least  5  min¬ 
utes  before  measurement. 

Surface  voltage  was  m/asuretl  with  a 
rotating  vane  Electrostatic  Field  Meter,  Model 
12009-1,  made  by  Comstock  &  Wescott,  Inc., 
Cambridge,  Mass.  A  special  fitting  utilized 
nylon  bolts  to  hold  thw  meter  a  fixed  distance 
from  the  pipe. 

Spark  discharge#  were  detected  visually, 
aurally  or  by  using  a  walkie-talkie  radio.  No 
spark  energy  measurements  were  made. 

IEST  PROCEDURE 

Prior  to  use,  the  FRP  pipe  was  owabbed 
with  hexane-soaked  cloths  while  the  carbon 
steel  was  sandblasted  to  bare  metal  and  blown 
clean  with  dry  air.  Prior  to  testing,  the 
system  was  flushed  with  5000  gals,  of  Jet  A 
fuel.  Each  test  pipe  section  was  flushed  for 
two  hears  at  1000  GFM  while  the  fuel  was  con¬ 
tinuously  filtered  rn  the  1800  GPM  cleanup 
fi j.ter-separtor.  The  cleanup  fuel  was  slopped, 
new  elements  were  installed  in  both  the  F-S 
and  the  F-M’s  of  the  test  section  and  20,0C0 
ja lions  of  fresh  Jet  a  were  charged  to  the 
system  for  the  test  program. 

The  first  series  of  tests  were  car. led  out 
with  the  fresh  Jet  A  which  had  a  reet  conduc¬ 
tivity  of  0.9  CU.  For  the  next  two  series, 
iicremental  additions  of  oxidized  asphalt  were 
made  to  increase  the  fuel  conductivity  to  3 
and  then  5.5  CU.  For  the  final  series,  clay 
tr- atment  was  used  no  lower  the  fuel  conduc 
ti'.iuy  to  about  0.2  CU, 

Frior  to  each  test  series,  the  pipe  sec¬ 
tors  wers  equilibrated  with  the  fuel  supply 
by  recirculating  at  1000  GPM  through  the  long 
stee.  and  then  the  long  FRP  sections  until  tue 
conductivity  staoilized  During  this  recircu¬ 
lation,  both  the  F-S  and  the  F-M's  were  in  the 


system  for  equal  times  to  assure  their  equi¬ 
libration  with  the  fuel  supply. 

Temperature  was  a  critical  variable  in 
comparing  charge,  relaxation  in  the  two  types 
of  pipe.  Because  the  facility  was  outdoors, 
the  fuel  temperature  was  influenced  both  bv 
ambient  temperature  and  cloud  cover.  While  it 
was  not  possible  to  run  all  tests  at  the  same 
temperature ,  it  was  found  that  judicious  use 
of  refreigeration  made  it  possible  to  match 
the  temperatures  within  0.5°F  for  a  given  flow 
rate  ana  inlet  charge  level  in  each  of  the 
four  pipe  type/pipe  length  combinations. 

TESTS  FTULTS 

Fl'i’.L  CONDUCTIVITY  VS.  TEMPERATURE  -  Rest 
conductivities,  k0,  were  meatured  on  grab  sam¬ 
ples  collected  during  each  series  of  tests. 

An  initial  measurement  was  made  after  the  sam¬ 
ple  was  allowed  to  relax  for  at  least  five 
minutes.  A  second  measurement  was  generally 
made  after  the  sample  had  warmed  up  in  the  in- 
strurant  van  The  data  from  each  test  fuel 
were  used  to  find  the  best  fit  to  tbe  equation 

log  k0  -  mT  +  c,  (1) 

where  k0  is  expressed  in  Conductivity  Units 
(CU).  The  equations  were  used  to  define  the 
rest  conductivity  at  the  test  temperature  in 
each  run. 

In  discussing  the  data,  the  nominal  rest 
conductivity  of  the  f  iel  is  coed  to  describe 
the  fuel.  It  should  be  noted  that  a  calcu¬ 
lated  conductivity  value  can  also  be  derived 
from  charge  data  during  flow.  This  value  is 
jailed  "effactlve"  conductivity,  ke,  and 
describes  the  conductivity  of  the  fuel  in  the 
dynamic  charged  condition. 

CHARGF  GENERATION  IN  FRP  AND  METAL  PIPE- 
To  compare  cherge  generating  characteristics 
of  FRP  vs.  metal  pipe,  fuel  was  pumped  through 
the  filter  bypass  to  keep  inlet  charge  as  low 
as  possible.  This  ayn-oach  was  successful; 
the  inlet  charge  ran.., ,d  from  0.5  yC/m3  at  300 
GPM  (for  '*•  CU  fuel)  up  to  -4.4  pC/sr  at  *500 
GFM  (for  5.5  C’J  fuel).  Charge  level  stabi¬ 
lized  at  all  three  measuring  points  within 
two  minutes  after  a  flow  change.  Values  are 
considered  accurate  to  ±0.1  pf'/m^. 

The  differences  in  charge  densities  be- 
twaen  pipe  inlet  and  outlet  are  summarized  in 
Table  i.  A  positive  value  indicates  that  net 
charge  was  being  generated  within  the  pipe,  a 
negative  value  generally  indicates  that  charge 
was  being  relaxed  v.itain  the  pipe  (or  that 
charge  of  opnoai te  polarity  was  being  gen¬ 
erated)  . 

The  results  show  relatively  little 
charge  generation  in  either  FRP  or  steel  pipe 
although  steel  generated  slightly  more  charge 
in  all  cases.  With  the  3  and  5.5  CU  fuels 
charge  relaxation  predominated  but  there  was 
generally  a  greater  decrease  in  FRP  than  in 
steel  pipe,  indicating  that  the  latter  was 
tending  to  generate  more  charge.  Wifh  0.2  and 
0.9  CU  fuels,  charge  generation  generally 


481 


;v#; 


482 


Fig.  4  -  Overall  view  of  test  section 

(Steel  pipe  sections  at  right,  FRP  sections  in  center,  filter/filter  bypass 
array  at  upper  left). 


Table  i 


Charge  Generation  in  FRP  and  Carbon  Steel  Pipe 

(A  positive  value  indicates  charge  was  being  generated, 
a  negative  value  indicates  charge  was  relaxing.) 


Change  in  Charge  Density 
Between  Pipe  Inlet  and 
Pipe  Outlet,  yC/m^ 


Nominal 

Pipe  Length 

Short 

Long 

Fuel 

Pipe  Type 

Steel 

FRP 

Steel 

FRP 

CU 

Flow  Fate,  GPM 

0.2 

300 

0.1 

0.0 

0.2 

0.2 

600 

0.2 

0.1 

0.9 

0.5 

1200 

0.2 

0.2 

1.3 

0.5 

1500 

0.4 

0.2 

1.3 

0.4 

0.9 

300 

0.0 

-0.5 

-0.3 

-0.6 

600 

C.4 

-0.3 

0.4 

-0.5 

1200 

0.8 

-0.3 

2.5 

-0.3 

1500 

0.9 

0.0 

2.5 

-0.7 

3. 

300 

-0.8 

-0.7(a) 

-0.5 

-0.6(a) 

600 

-0.6 

-1.5 

-0.5 

-1.1(a) 

1200 

-0.1 

-1.2 

-0.6 

-2.2(a) 

1500 

-0.2 

-1.1 

-0.2 

-2.7 

5.3 

300 

-0.5 

-1.3 

-0.8 

-1.0 

600 

-1.2 

-1.9 

-1.7 

-2.5 

1200 

-0.3 

-1.7 

-1.1 

-3.7(a) 

1500 

0.0 

-1.9 

-0.4 

-4.2 

(a)  Polarity  reversed. 
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increased  with  pipe  length,  but  since  no  in¬ 
crease  was  noted  when  the  flow  rate  was  in¬ 
creased  from  1200  to  1500  GPM,  the  charge 
levels  reached  probably  represent  equilibrium 
levels  and  no  further  increase  would  be  ex¬ 
pected  if  the  pipe  lengths  were  Increased, 

This  effect  is  not  apparent  with  the  3  and  5.5 
CU  f>  els  where  there  is  generally  a  net  charge 
relaxation  due  to  the  more  rapid  relaxation 
provided  by  the  higher  conductivities. 

It  can  be  concluded  from  these  data  that 
charge  generation  in  TRP  pipe  is  somewhat  less 
than  in  steal  probably  because  the  internal 
surface  of  carbon  steel  pipe  is  rough  compared 
with  smooth  FRP  pipe.  However,  the  differ¬ 
ences  are  too  small  to  be  of  practical  signi¬ 
ficance  in  the  field. 

CHARGE  RELAXATION  -  The  comparison  of 
charge  relaxation  in  FRP  vs.  steel  pipe  was 
made  by  charging  the  test  fuels  in  either  the 
1100  GPM  F-S  or  the  pair  of  600  GPM  F-M's  and 
comparing  the  rates  of  charge  relaxation  under 
essentially  identical  conditions.  Tests  were 
conducted  at  flow  rates  between  300  and  1200 
GPM  under  closely  controlled  temperatures. 
Average  charge  densities  generated  as  a  func¬ 
tion  of  flow  rate  and  CU,  based  on  four  com¬ 
parable  runs,  together  with  average  tempera¬ 
tures,  appear  in  Table  2.  As  shown  in  Figure 
5,  the  F-b  charged  the  fuels  negatively;  the 
F-M's  charged  them  positively.  There  was  a 
striking  difference  between  these  two  filters 
in  response  to  CU  (or  impurity  level)  and  to 
flow  rate,  the  F-S  generally  showed  an  increase 
in  charge  with  flew  rate  increase  and  a  lower 
level  with  Increasing  CU  while  the  F-M  per¬ 
formed  almost  t iametricaliy  opposite. 

These  differences  can  be  explained  in  part 
by  geometry  of  the  vessels  containing  the  fil¬ 
ters.  The  F-S  case  holds  275  gallons  of  fuel, 
the  F-M  case,  only  18  gallons,  w.ilch  means  that 
charged  fuel  has  much  more  opportunity  to  re¬ 
lax  in  the  F-S  than  in  the  monitor  at  com¬ 
parable  flew  rates.  The  filter  media  are  dif¬ 
ferent  and  may  explain  the  opposite  polarities 
—  the  F-S  contains  fiberglass  depth  filter- 
coalescer  elements  at  the  inlet  end  and  treated 
paper  surface  filter  (separator)  elements  at 
the  outlet  end  while  the  monitor  is  composed 
of  hundreds  of  paper  wafers  in  each  element 
providing  edge  filtration.  Each  filter  ele¬ 
ment  provides  ve-y  large  surface  area  for 
charge  separation. 

Temperature  can  also  affect  charge  level 
as  noted  in  Table  2.  With  the  0.9  CU  fuel, 
teste  were  repeated  when  the  temperature 
uropped  from  59°F  to  36°F.  At  1200  GPM,  charge 
levels  from  the  F-S  dropped  52  pC/m^  or  about 
3  pC/m^  per  degree;  little  effect  could  be  ob¬ 
served  with  the  F-M's. 

Measurement  of  churge  densities  In  the 
fuel  at  the  inlet  and  outlet  of  each  pine  sec¬ 
tion  permitted  a  calculation  of  relaxation 
time,  l,  which  was  used  to  compare  relative 
characteristics  of  FRP  vs.  steel  pipe.  Relaxa¬ 
tion  time  is  defined  as  the  time  for  charge  to 
decay  to  36.8%  of  its  original  value  using  the 
relationship: 


t  -  t/ln  (Q0/Qt)  (2) 

where  Qt  "  charge  density  at  test  pipe  outlet , 
in  nC/m3 

Q0  ■  charge  dersity  at  test  pipe  inlet, 
in  pC/m^ 

t  ■  residence  time,  in  seconds,  between 
pipe  inlet  and  outlet  at  the  "low 
rate  tested. 

The  t  values  obtained  with  negatively 
charged  fuel  generated  by  the  F-S  are  summa¬ 
rized  in  Table  3;  the  r  values  fc-  positively 
charged  fuel  are  in  Table  4.  No  t  values  are 
shown  for  runs  in  which  outlet  charge  is  less 
than  1  pC/m3  since  small  changes  in  o  ltlet 
charge  at  this  level,  which  could  be  influ¬ 
enced  by  pipe  charge  generating  characteris¬ 
tics,  would  have  a  large  effect  on  x. 

When  the  x  values  for  negatively  charged 
fuel  are  examined  graphically  as  a  function  of 
flow  rate  and  CU  level,  as  in  Figure  6,  it  is 
observed  that  x  rends  to  decrease  with  in¬ 
creasing  flow  rate  as  well  as  increasing  CU. 
With  negatively  charged  fuel,  relaxation  time 
in  FR?  pipe  is  always  less  than  in  steel  pipe 
under  the  same  test  conditions.  Relaxation 
time  is  longer  in  the  long  than  in  the  short 
pipe  lengths  as  shown  in  Table  3. 

Positively  charged  fuel  reveals  a  differ¬ 
ent  story  as  shown  in  Figure  7.  Thus  x  tends 
to  increase  wiJi  flow  rate  and  to  be  longer 
with  FRP  pipe  than  steel  under  identical  con¬ 
ditions.  Again  x  is  longer  in  long  vs.  short 
pipe  lengths.  Thu3,  the  data  obtained  in 
tnesc  runs  reveal  that  there  io  a  difference 
in  . uarge  relaxation  between  FRP  and  steel 
pipe  which  depends  on  the  polarity  of  the 
fuel.  When  fuel  is  charged  negatively,  charge 
relaxation  on  FRP  pipe  proceeds  faster;  when 
fuel  is  charged  positively,  it  proceeds  slower. 

The  difference  in  relaxation  characteris¬ 
tics  between  FRP  and  steel  pipe,  expressed  as 
a  percentage  change  in  x  ranges  from  0  to  18% 
faster  for  FRP  pipe  with  negatively  chargea 
fuel,  averaging  8%  faster  overall.  For  posi¬ 
tively  charged  fu.  I,  the  range  is  wider,  re¬ 
laxation  takes  3  co  154%  longer  in  FRP  pipe. 

The  range  is  reduced  to  8  to  75%,  averaging 
30%  slower  overall,  if  data  suspect  because  or 
low  charge  levels  or  temperature  effects  is  ex¬ 
cluded. 

To  answer  the  key  question  as  to  whether 
this  slower  relaxation  rate  should  rule  out  or 
limit  the  use  of  FRP  pipe,  it  is  useful  to  re¬ 
state  the  calculated  relaxation  times  in  terms 
of  effective  conductivity,  k,  : 

ke  -  18/x  (3) 

When  the  ratio  of  ke  to  rest  conductivity,  ko, 
is  plotted  against  k0,  as  in  Figure  8,  the 
results  obtained  follow  the  pattern  of  previous 
work  shown  by  the  dashed  curves.  These  data 
Indicate  that  fuel  below  1  CU  relaxes  faster 
than  one  would  predict  from  rest  conductivity 
while  fuels  above  1  CU  relax  somewhat  slower 
than  predicted.  The  plot  also  makes  clear  -hat 
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Table  2 

Average  Charge  Densities  Generated  By 
The  Filter-Separator  ar.d  Filter-Monitors 


as  a 

Function  of 

CU  and  Flow 

Rate 

Charge 

Fuel 

Char* 

;e  Density v 

yC/m3,  @ 

GPM(a) 

Generator 

CU 

300 

600 

900 

1200 

(Average  Temperatures 

Shown  in  Parentheses) 

Filter 

0.2 

-74(39) 

-126(38) 

150(37) 

-166(38) 

Separator 

0.9 

-51(60) 

-102(59) 

- 

-148(58) 

3. 

-4(41) 

-18(40) 

- 

-62(40) 

5.3 

5(41) 

*  2(39) 

-22(39) 

-44(40) 

Filter- 

0.2 

12(40) 

9(39) 

— 

6(38) 

Monitors 

0.9 

24(57) 

20(56) 

- 

16(55) 

3. 

132(44) 

118(43) 

- 

97(421 

5.5 

178(40) 

174(39) 

1J9 (38) 

150(39) 

Filter 

Separator 

0.9 

-36(38) 

-58(36) 

-96(40) 

Filter- 

Monitors 

0.9 

20(37) 

16(36) 

- 

- 

(a)  Based  on  the  average  of  four  comparable  runs,  no  repeat  runs 
were  included;  values  in  parentheses  show  average  temperature 
for  the  four  runs. 


Table  3 


Relaxation  Times  for  ?RP  and  Steel 
Pipe  Obtained  with  Negatively  Charged  Fuel 
(Generated  by  Filter-Separator) 


Range  of 


Nominal 

Flow  Charge  Densities 

Relaxation 

Time,  t.  Seconds 

CU 

Rate, 

at  Pipe 

FRP  Pipe 

Steel 

Pipe 

of  Fuel 

GPM 

Inlet,  yC/m^ 

Short 

hong 

Short 

Long 

0.2 

300 

-66/-70 

56 

74 

61 

77 

600 

-115/-120 

39 

53 

41 

54 

500 

—138/— 147 

34 

44;  45 

37 

44 

1200 

-151/-167 

31 

40 

32;  33 

41 

0.9 

300 

-42/-49 

32 

36 

36 

40;  40 

500 

-86/-97 

26 

30 

29 

34 

910 

-126/-137 

24 

— 

27;  28 

1200 

-135/-142 

20 

23 

21 

26 

3.0 

300 

0/4 

(a) 

(a) 

(a) 

(a) 

600 

-6/-20 

10.1 

(a) 

10.4 

(a) 

900 

-46 

— 

10.0 

— 

910 

—24/— 37 

— 

10.3 

— 

12 

1200 

—36 /— 68 

8.9 

9.9 

9.4 

11 

5.5 

300 

0.2/0. 6 

(a) 

(a) 

(a) 

(a) 

600 

-1/-7 

(a) 

(a) 

(a) 

(a) 

900 

-12/-30 

5.9 

(a) 

7.2 

9.1;  S 

1200 

—27/— 56 

5.8 

5.4(b) 

6.5 

7.5 

(a)  Charge 

density 

at  pipe  outlet  was 

<  1.0 

yC/m^. 

(b)  Charge 

density 

at  pipe  outlet  was 

0.8  yC/ra^. 
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Table  4 


Relaxation  Tirres  for  FRP  and  Steel 
Pipe  Obtained  with  Positively  Charged  Fuel 
(Generated  by  Filter-Monitor) 


Range  of 


Nominal 

Flow 

Charge  Densities 

Relaxation 

Time ,  t ,  Seconds 

CU 

Rate, 

at  Pipe 

FRP  Pipe 

Steel  Pipe 

of  Fuel 

GPM 

Inlet,  yC/m^ 

Short 

hong 

Short 

Long 

0.2 

200 

10/17 

55 

45 

300 

8/19 

56;  57 

68 

44 

52 

600 

6/16 

60;  58 

73 

50 

48 

1200 

4/14 

67;  56 

60 

26 

28 

0.9 

300 

14/23 

28 

31 

26 

(a) 

600 

13/23 

26 

40 

24 

24 

910 

12/20 

— 

48 

— 

24 

1200 

11/20 

39 

51 

24 

23 

3.0 

300 

68/91 

6.7 

(a) 

5.3(b) 

(a) 

600 

82/106 

12 

14 

9./ 

11 

900 

80 

-- 

— 

11 

— 

910 

94/104 

— 

18 

— 

14 

1200 

76/101 

16 

21 

13 

16 

5.5 

300 

63/100 

(a) 

(a) 

(a) 

(a) 

600 

104/136 

7*8 

9.4 

4.4 

(a) 

900 

114/137 

8.5 

9-8 

6.2 

7.7 

1200 

119/134 

9.4 

10  7 

7.5 

9.6 

(a)  Charge  density 

at  pipe  outlet  was 

<  1.0  yC/m^. 

(b)  Charge  density  at  pipe  nutlet  was  0.4  yC/m>. 
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Relaxation  Time.  T",  Seconds 


300  600  900  1200 


Flow  Rate,  6PM 


Fig.  7  -  Relaxation  times  in  short  pipe  sections  with  positively  charged  fuel 
as  a  function  of  CU  and  flow  rate. 
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Fuel  Charged  Negatively 
Fuel  Charged  Positively 


o o cor*  so  m 


of  k^/ko  versus  k^  obtained  with  FRP  pipe. 


positively  charged  fuel  represents  a  different 
family  than  negatively  charged  fuel  in  FRP 
pipe. 

The  reason  for  this  faster  relocation  of 
fuel  below  1  CU  was  developed  by  Bustin  (7) 
who  established  that  the  charge  decay  rate  of 
such  fuels  was  dependent  not  on  conductivity, 
but  on  charge  level  and  ion  mobility,  y,  as 
described  by  the  equation: 


o,  -  k 


1  + 


u  Q0t 


(4) 


ee  x  10 
o 

which  is  hyperbolic  rather  than  exponential. 
This  decay  rate  is  illustrated  by  the  curves 
in  Figure  9  developed  from  the  test  results  on 
the  negatively  charged  0.2  Cl  fuel.  Tne  solid 
curves  were  derived  from  the  above  equation 
for  assumed  inlet  charge  levels  of  1000  and 
100  yC/m3  and  an  outlet  charge  level  of  30 
yC/m3  and  a  calculated  ion  mobility  of  0.38  x 
10“®m^/volt  sec.  as  derived  from  the  data  ob¬ 
tained  in  this  program.  For  comparison,  the 
btraight  lines  represent  ohmic  deea;,  based  on 
a  rest  conductivity,  k0,  of  0.2  CU.  While  the 
latter  relationship  can  describe  charge  relaxa¬ 
tion  well  for  fuels  above  1  CU,  it  is  obvious-' 
ly  deficient  for  highly  refined  fuels. 

If  one  examines  Figure  9  it  is  apparent 
that  the  initial  charge  relaxation  based  on 
hyperbolic  decay  is  faster  than  ohmic  decay 
would  predict;  nevertheless  considerable 
residence  time  is  required  for  the  charge  to 
reach  a  low  level  ,\fter  30  seconds  of  relaxa¬ 
tion,  the  1000  yC/m3  fuel  would  have  dropped  to 
140  uC/m3,  an  86%  decrease  in  charge;  the  100 
uC/m3  fuel  would  have  dropped  to  60  yC/m3,  a 
decrease  of  only  40%. 

Predicted  residence  times  required  to  re¬ 
duce  charge  to  30  yC/m3  from  inlet  levels  be¬ 
tween  ICC  anu  500  pC/m-  appear  in  Table  5.  me 
upper  section  of  the*  table  represents  results 
on  standard  steel  pipe  while  the  middle  section 
represents  the  effect  of  increasing  relaxation 
time  by  30%,  the  average  observed  for  FRF  pipe 
with  positively  charged  fuel.  The  lower  sec¬ 
tion  spells  out  the  case  for  increasing  relaxa¬ 
tion  time  by  90%,  a  value  three  times  higher 
than  the  average  but  representative  of  the  max¬ 
imum  measured  with  positively  charged  fuel  in 
the  FRP  pipe- 

For  fuels  of  1  CU  and  higher,  the  steel 
pipe  data  were  ger crated  using  average  He 
values  based  on  the  experimental  data  and 
assuming  ohmic  charge  decay;  date  for  FRP  pipe 
were  generated  by  increasing  the  t  for  steel 
pipe  by  30  or  90%.  Steel  pipe  data  for  0.2  CU 
fuel  were  generated  assuming  hyperbolic  charge 
decay  and  an  ion  mobility  of  0.38  x  10“®m2/volt 
sec;  data  for  FRP  pipe  at  0.2  CU  were  obtained 
by  Increasing  the  residence  time  values  for 
steel  pipe  by  30  or  93%. 

For  Type  III  Air  Force  hydrant  systems, 
where  FRP  pipe  has  been  approved  for  handling 


JP-4,  the  Air  Force  has  indicar  ’  *’  ->t  the 
minimum  length  of  pipe  between  ^  f.  .al  fil¬ 
ter  and  the  first  fueling  stat  ’  i  typical 

installation  would  be  900  to  lu„  ■  c.  At  the 
design  flow  rate  of  4  fr. /second,  the  resi¬ 
dence  time  would  be  225  to  250  seconds.  At 
7  ft  /second,  the  maximum  flow  velocity  which 
ouch  systems  night  be  called  on  to  handle  in 
the  future,  the  residence  time  would  be  130 
to  140  seconds. 

In  Table  5,  the  asterisks  pinpoint  the 
combinations  of  fuel  conducM”it;-  ind  charge 
level  which  require  residence  times  above  225 
seconds  to  reach  the  target  value  of  30  yC/m3. 
The  underlined  values  note  the  combinations 
above  13C  seconds,  which  represents  the 
absolute  minimum  residence  time  that  would  be 
expected  in  Type  III  Air  Force  hydrant  fueling 
systems,  mis  analysis  indicates  that  130 
seconds  of  residence  time  would  be  adequate  to 
provide  relaxation  to  30  uC/m3  for  fuel  of  1 
CU  at  charge  levels  up  to  500  uC/m3  at  the 
pipe  inlet.  A  residence  time  of  at  least  283 
seconds  should  be  provided  to  protect  against 
the  possibility  of  inadequate  charge  relaxa¬ 
tion  ir.  an  FRP  system  with  fuel  as  low  as  0.2 
CU  in  conductivity  at  an  inlet  charge  level  of 
500  yC/m3. 

For  this  study,  a  charge  level  of  30 
yC/m3  has  been  used  as  the  criterion  for 
"safe"  fueling.  The  value  was  originally  pro¬ 
posed  by  American  Oil  (1)  and  has  been  gener¬ 
ally  accepted  by  others  in  the  industry  as  a 
reasonable  guide.  Our  own  studies  on  superjet 
fueling  (6)  showed  that  a  minimum  charge  den¬ 
sity  of  70  yC/m3  was  required  to  generate  in¬ 
cendiary  sparks  during  fueling  if  a  "charge 
collector"  was  present  in  the  receiving  tank. 
Since  ic  is  desirable  to  provide  for  safe  fuel¬ 
ing  in  the  most  hazardous  situations,  the  use 
of  a  maximum  of  30  yC/m3  as  a  "safe"  charge 
level  is  considered  reasonable. 

Although  the  data  in  Table  5  were  gen¬ 
erated  with  Jc'l  A  fuel,  there  is  uu  reason  to 
expect  JP-4  to  behave  differently.  What  is 
not  known  at  present  is  the  range  of  conduc¬ 
tivities  of  JP-4's  and  the  charging  tendency 
r.£  military  filter-separators.  Since  it  is 
known  that  corrosion  inhibitor  tends  to  act 
like  a  weak  conductivity  additive,  it  is 
probable  that  JP-4's  have  conductivities  of  1 
CU  or  above.  A  field  survey  for  conductivity 
and  charging  tendency  of  typical  JP-4's  should 
make  this  .able  useful  in  deciding  whether  the 
charge  relaxation  J.iaracteristics  of  a  particu¬ 
lar  hydrant  system  are  adequate. 

SURFACE  VOLTAGE  OH  FRP  PIPE  -  Voltages  on 
the  surface  of  the  FRP  pipe  (the  conductivity 
of  steel  pipe  prevents  any  buildup  or  voltage 
on  its  surface)  were  measured  at  10  to  20  ft. 
intervals  along  the  FRP  pipe  during  m»st  runs. 
The  maximum  surface  voltages  observed  are  sum¬ 
marized  in  Table  6. 

It  can  be  seen  that  surface  voltages  gen¬ 
erally  increase  with  charge  level  and  are 
higher  on  the  longer  pipe  section  for  a  given 
inlet  charge  level.  The  highest  voltage 
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Table  5 


Predicted  Residence  Times  Required  to  Reduce 
Charge  Density  to  30  yC/ta^  in  Steel  and  FRP  Pipe 


Residence  Time,  Seconds,  to 

Reach 

kfl  » 

ke  > 

30  uC/m 

3  from  pC/mJ  of: 

CU 

ke^o 

CU 

Rees 

100 

300 

500 

0.2 

1M. 

»• 

,, 

111 

143 

149 

1. 

.74 

.74 

2* 

28 

55 

68 

3. 

.52 

1.56 

11.* 

14 

26 

32 

c 

* 

.46 

2.30 

7.8 

9.4 

18 

22 

10, 

.39 

3.9 

4.6 

5.5 

10.6 

13 

FRP 

Pipe  (Assuming  rtt, 

taxation 

Time  30%  Greater 

Than  Steel) 

0.2 

mm 

w 

Hl 

144 

186 

194 

.  0 

.58 

.38 

31 

37 

71 

87 

3. 

.40 

1.20 

15 

18 

35 

42 

5. 

.36 

1.78 

10.1 

12 

23 

28 

10. 

.30 

3.0 

6.0 

7.2 

14 

17 

FRP 

Pipp  (Assuming  Relaxation 

Time  90%  Greater 

Than  Steel) 

1 

0.2 

- 

~ 

211 

272* 

283* 

s 

1 

1. 

.39 

.39 

46 

55 

106 

129 

t 

3. 

.27 

.32 

22 

26 

51 

62 

j 

5. 

0/. 

•  *«T 

1.20 

15 

18 

34 

42 

10., 

.21 

2.1 

8,7 

10.4 

20 

24 
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mum  Surface  Voltages  Measured  on  FRP  Pipe  Using 
Bypass,  Filter-Separator  and  Filter-Monitor 
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(a)  Values  in  parentheses  indicate  distance  from  pipe  inlet  in  feet  at  which  maximum  voltage  was  measu 

(b)  50,  60  and  150  feet  (c)  1,  79,  239  (d)  20,  30  feet  (e)  79,  170,  190,  230,  239  feet  (f)  60,  70  feet 
(g)  Inlet  charge  densities  on  long  pipe  were  73,  131,  129,  125  for  each  respective  flow  rate. 


observed  was  55  KV  when  pumping  5  CU  fuel, 
through  the  F-M's  at  600  GPM.  It  should  be 
noted  that  substantial  voltages  (7.7  KV  maxi¬ 
mum)  were  detected  even  when  filters  were  by¬ 
passed. 

The  low  voltage  readings  with  0.9  CU  fuel 
in  the  long  pipe  with  the  bypass  in  use  were 
due  to  early  morning  fog  and  high  humidity 
which  wet  the  pipe  surface.  Similarly  the  low 
readings  with  3  CU  fuel  in  long  pipe  when  using 
the  bypass  and  F-S  are  attributable  to  a  light 
drizzle  which  wet  the  pipe.  However,  wetting 
the  pipe  has  no  effect  on  charge  relaxation; 
this  was  confirmed  by  a  test  on  0.2  CU  fuel  at 
900  GPM  with  the  following  results: 

3 

Charge  Density  yC/m 
Pipe  Inlet  Pipe  Outlet 

Before  wetting  146.5  112.5 

After  wetting  146,0  112.0 

A  plot  of  surface  voltages  with  distance 
along  the  pipe  for  some  typical  runs  is  pro¬ 
vided  in  Figure  10.  It  shows  that  voltage  in¬ 
creases  rapidly  at  the  inlet,  falls  more  grad¬ 
ually  toward  the  outlet  and  is  not  particularly 
affected  by  location  of  the  stanchions.  Actu¬ 
ally,  the  highest  voltages  were  often  measured 
at  the  first  bend,  e.g. ,  at  40  ft.,  sometimes 
with  a  polarity  reversal. 

Pendant  water  droplets,  several  aluminum 
foil  wrappings  and  a  metal  drain  valve  were 
used  as  "charge  collectors"  on  the  FRP  pipe. 
Sparks  were  generated  by  bringing  a  grounded 
wire  or  finger  into  close  proximity  to  the 
"charge  collectors";  sparks  were  detected  by 
radio,  aurally  or  visually.  Spark  discharges 
could  barely  be  detected  from  water  droplets 
at  a  surface  voltage  of  1.5  KV. 

Sparks  were  obtained  under  all  conditions 
where  the  fuel  was  charged  either  with  the  F-S 
or  F-M's;  Table  6  summarizes  the  frequency  and 
size  of  sparks  when  the  fuel  was  charged  posi¬ 
tively.  Spark  discharges  Increased  in  fre¬ 
quency  as  the  Inlet  charge  increased.  A  vis¬ 
ible  spark  was  observed  with  inlet  charge  as 
low  as  4.2  uC/m3.  Sparks  up  to  1/4  inch  long 
were  obtained  from  the  drain  valve  with  nn  in¬ 
let  charge  as  low  as  7.8  yC/m^.  No  measure¬ 
ments  of  spark  energies  were  obtained  but  there 
is  strong  indication  that  the  1/4"  spark  dis¬ 
charge  from  a  metal  valve  would  have  been  in¬ 
cendiary. 

It  was  not  possible  to  detect  sparks  be¬ 
tween  the  FRP  pipe  surface  and  a  grounded  wire 
under  any  conditions,  even  using  the  radio. 
However,  it  was  possible  to  feel  and  hear  dis¬ 
charges  if  a  hand  were  run  over  the  pipe  sur-' 
face.  A  surface  voltage  of  7-10  KV  appeared 
to  be  reouired  to  sense  such  discharges. 

The  data  on  charge  relaxation  and  surface 
voltage  suggest  that  charge  recombination  in 
FRP  pipe  occurs  by  electron  flow  along  the 
inner  wall  of  rhe  pipe  to  or  from  metal  connec¬ 
tions.  No  change  in  charge  densities  was  de¬ 
tected  when  the  outer  surface  of  the  pipe  was 
made  conductive  to  eliminate  surface  voltages. 


The  fact  that  surface  voltages  build  up  with 
pipe  length  and  decrease  rapidly  near  the  pipe 
ends  supports  this  theory.  The  results  sug¬ 
gest  that  rate  of  charge  relaxation  in  FRP 
pipe  could  be  brought  closer  to  steel  by  re¬ 
ducing  the  volume  resistivity  of  the  plastic 
or  by  grounding  the  inner  wall  of  the  pipe  at 
short  intervals. 

EVALUATION  OF  THE  STATIC  CHARGE  REDUCER  - 
The  Static  Charge  Reducer  (SCF.)  is  claimed  by 
its  manufacturer,  A.  0.  Smith  Co.,  Erie,  Pa., 
to  reduce  charge  densities  of  300  yC/m^  or 
less  to  30  yC/m^  or  less  at  flew  rates  up  to 
1200  GPM. (8)  It  is  the  only  commercially 
available  device  for  reducing  static  charge  in 
a  flowing  fuel  and  has  beer,  extensively  used 
and  tested.  It  was  installed  as  noted  in 
Figure  1  between  the  filter  outlets  and  the 
test  pipe  sections  and  could  be  cut  in  or  out 
by  manipulating  valves. 

The  SCR  consists  of  a  3  foot  long  section 
of  10  inch  diameter  pipe  lined  with  a  2"  thick¬ 
ness  of  polyethylene.  Sixteen  pointed  pins, 
grounded  to  the  pipe,  pass  through  the  liner 
and  protrude  into  the  fuel  stream  as  shown  in 
Figure  11.  As  Figure  11  suggests,  it  is 
hypothesized  that  the  charged  fluid  creates 
an  intense  localized  field  between  the  point 
of  the  grounded  pin  and  the  insulating  surface 
in  the  immediate  vicinity  causing  electrons  to 
be  injected  into  the  flowing  stream  (if  the 
fluid  is  positively  charged),  or  conversely, 
to  be  extracted  from  the  flowing  stream  (if 
the  fluid  is  negatively  charged). 

Initial  tests  were  carried  out  with  0.9 
CU  fuel  charged  negatively  by  the  F-S  and 
positively  by  the  F-M's.  The  efficiency, 
determined  in  terms  of  absolute  charge  den¬ 
sity  values  in  and  our.  of  the  SCIt,  is  plotted 
in  Figure  12  against  inlet  charge  level.  The 
dashed  lines  reveal  that  SCR  efficiency  rose 
only  to  502!  with  negative  fuel  equivalent  to 
an  outlet  charge  l'.vel  of  90  yC/m3.  This  was 
considerably  higher  than  the  30  yC/m^  claimed 
by  the  manufacturer.  With  positive  fuel,  the 
efficiency  reached  about  602!.  These  results 
were  surprising  because  preliminary  tests  a 
month  earlier  had  shown  higher  efficiencies  and 
outlet  charges  below  30  yC/m^. 

When  the  SCR  unit  was  opened  for  inspec¬ 
tion,  a  very  faint  gray-brownish  discoloration 
was  detected  on  the  polyethylene  liner.  Nu¬ 
merous  small  spots  were  observed  and,  when 
cultured,  found  to  contain  fungi  and  bacteria. 
Although  the  liner  appeared  clean  after  wiping, 
it  required  several  additional  wipings  first 
with  hexane-wetted  cloths  and  then  chloroform- 
wetted  cloths  before  the  cloth  remained  un¬ 
stained,  indicating  complete  removal  of  depos¬ 
its. 

Data  obtained  after  cleaning  show  a  marked 
improvement  in  efficiency  as  shown  by  the  solid 
curves  in  Figure  12.  The  SCR  was  not  as  effi¬ 
cient  with  negatively  charged  fuel  as  with 
positively  charged  fuel  until  an  inlet  level  ot 
130  uC/m^  was  attained.  This  difference  in 
responoe,  as  a  function  of  fuel  polarity,  is 
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understandable  If  one  realizes  that  wh^.i  fuel 
with  positive  cha-ge  enters  the  SCR,  electrons 
fiow  Into  Che  fuel  from  the  pins  while  with 
negative  fuel,  electrons  muct  be  extracted 
from  the  fuel  to  flow  to  ground  through  the 
pins,  a  somewhat  more  difficult  route. 

A.  0.  Suith  has  recognised  the  possi¬ 
bility  of  a  loss  of  efficiency  and  issued  a 
bulletin  (9)  recommending  checking  "not  less 
often  than  every  six  months."  This  program 
revealed  that  efficiency  could  degrade  in  a 
month  and  that  continuous  monitoring  of  the 
SCR  would  be  required. 

Irregular  oscillations  at  about  30 
cycles/ninute  were  observed  in  the  charge  level 
leaving  the  SCR  over  short  time  periods.  Over 
a  period  of  minutes  or  more,  the  average  charge 
level  moves  up  and  down  irregularly;  the 
largest  swings  were  observed  with  highly 
charged  0.2  CU  fuel,  '.tie  range  in  efficiency 
which  resulted  from  the  latter  are  shown  by 
the  bars  in  Figure  12. 

It  was  also  observed  that  the  charge 
level  at  the  SCR  outlet  took  considerably 
longer  to  reach  a  low  level  with  the  0.2  CU 
fuel  than  with  the  other  fuels.  The  time  fur 
the  SCR  output  to  reach  30  yC/m^  when  pumping 
negatively  charged  0.2  CU  fuel  is  shown  in 
Figure  13  as  a  function  of  flow  rate.  The 
shortest  time  was  about  2  minutes  at  900  GPM. 
Charge  levels  as  high  as  140  yC/m-*  were  ob¬ 
tained  at  the  SCR  outlet  upon  startup.  Ir  is 
evident  that  even  an  efficiently  operating  SCR 
will  deliver  fuel  above  the  30  pC/m3  charge 
level  for  a  considerable  time  after  startup 
with  low  conductivity  fuel. 

During  the  teats  on  the  SCR,  surface 
voltage  measurements  were  made  or.  the  FRP  pipe 
surface  into  which  "relaxed"  fuel  was  being 
delivered.  The  maximum  voltages  f.r  each  fuel/ 
flow  rate  combination  are  summarized  in  Table 
10.  Under  conditions  where  the  SCR  was  oper¬ 
ating  at  82  to  91Z  efficiency  and  delivering  a 
charge  of  2  to  -30  pC/m3,  maximum  surface  volt¬ 
ages  of  -22  to  -26  KV  were  observed.  Of  par¬ 
ticular  interest  was  the  run  with  positively 
charged  5.5  CU  fuel  at  300  GPM  which  showed  an 
SCR  output  of  -2  iiC/m3  and  a  surface  voltage  of 
-23  KV!  For  comparison,  a  test  run  on  this 
fuel  using  the  filter  bypass,  which  delivered 
fuel  of  -1.3  pC/ta3  to  the  pipe,  only  produced 
e  surface  voltage  of  2.4  KV.  Thus,  the  SCR 
seem3  to  be  capable  of  reducing  the  charge  on 
the  fuel  but  not  the  surface  voltage  on  the  FRP 
pipe  into  which  the  "relaxed"  fuel  is  delivered. 

Observations  of  spark  production  from  foil 
w-appings  and  drain  valve  on  the  FRP  pipe  dur¬ 
ing  testR  when  "relaxed"  fuel  from  tnc  CCT  was 
being  pumped  support  the  high  voltages  measured. 
Visible  sparks  1/4  to  1/2  inch  long  could  be 
drawn  from  the  drain  valve.  It  appears  that 
the  high  surface  voltages  and  energetic  sparks 
obtained  when  the  SCR  is  operating  properly  is 
due  in  some  way  to  the  oscillations  observed  in 
the  charge  delivered  by  the  SCR  since  these 
oscillations  are  the  only  obvious  difference 
between  operation  of  the  SCR  and  the  filler 
bypass. 


In  summary,  the  disadvantages  of  the  SCR 
appeal  to  be  loss  in  efficiency  due  to  deposit 
buildup,  the  problem  of  startup  time  and  the 
possibility  that  a  low  output  charge  may  not 
truly  reflect  a  safe  situation.  Of  these,  the 
latter  is  the  most  serious  and  requires  fur¬ 
ther  investigation. 


CONCLUSIONS 

The  following  conclusions  nave  been 
reached  as  a  result  of  this  study: 

1.  Charge  generation  in  both  steel  and 
FRP  pipe  is  very  low  at  flow  rates  up  to  1500 
GPM;  change  generation  in  FRP  is  no  greater 
and  Is  generally  less  than  in  steel  pipe, 
probably  because  the  interior  of  the  FRP  is 
■smoother. 

2.  There  i'  a  difference  in  charge 
relaxation  between  FRP  and  steel  pipe  which 
depends  on  the  polarity  of  the  charge  on  the 
fuel.  On  the  average,  relaxation  in  FRP  pipe 
wa3  8%  faster  than  in  3teel  with  negatively 
charged  fuel  and  30Z  slower  than  In  steel  with 
positively  charged  fuel.  In  some  runs  with 
positively  charged  fuel,  relaxation  in  FPP  pipe 
was  slower  by  as  much  as  75Z,  e.g.,  75Z  more 
residence  time  would  be  required  to  obtain  the 
same  amount  of  cha-ge  relaxation  in  FRP  as  in 
steel.  The  slower  rate  of  relaxation  should 
not  prevent  the  use  of  FRP  in  Type  III  Air 
Force  hydrant  systems  handling  JP-4. 

3.  High  voltages  can  be  obtained  on  the 
outer  surface  of  FRF  pipe.  These  would  not 
present  a  problem  in  buried  installations. 

For  above  ground  installation,  all  metal 
fittings  should  be  grounded  and,  for  absolute 
safety,  the  pipe  should  he  coated  with  e  non¬ 
peeling,  non-flaking  conductive  material  or 
the  pipe  should  be  formulated  with  a  higher 
conductivity  so  that  it  can  be  effectively 
grounded. 

4.  The  only  commercially  available  de¬ 
vice  for  decreasing  the  charge  level  on  flow¬ 
ing  fuel  is  the  A.  0.  Smith  Static  Charge  Re¬ 
ducer.  It  has  the  disadvantage  of  losing  ef¬ 
ficiency  if  deposits  form,  or  requiring  long 
startup  times  with  low  conductivity  fuels  and, 
most  important,  of  producing  a  possibly  haz¬ 
ardous  situation  downstream  even  when  the 
effluent  is  below  30  pC/m-*. 

RECOMMENDATIONS 

This  study  indicates  that  an  FRP  hydrant 
system  with  a  minimum  of  j20  seconds  of  -esi- 
dence  time  would  provide  tor  relaxation  to  a 
"safe"  charge  level  for  fuel  with  a  minimum 
CU  of  1  at  charge  levels  up  to  500  pC/m3. 

Since  both  CU  and  charge  levej  are  critical  to 
this  analysis,  it  is  recommended  that  a  survey 
be  conducted  to  establish  the  spectrum  of 
typical  JP-4  electrical  properties  and  solitary 
filter-separator  charging  tendency  in  the  field 
This  survey  might  involve  monitoring  fuel  and 
filters  at  two  or  more  Air  Force  bases  ever  a 
period  of  several  months.  A  similar  prog-am, 
which  is  currently  being  onducted  by  the 
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Coordinating  Research  Council  for  the  Federal 
Aviation  Administration  with  commercial  fuels 
and  filters,  could  serve  as  a  model. 

It  i3  recommended  that  when  the  first  FRP 
Installation  is  made,  instrumentation  be  pro¬ 
vided  to  monitor  charge  level  downstream,  of  a 
filter  and  at  the  pipe  exit  for  a  period  of 
time. 

The  new  problem  brought  to  light  when 
using  the  Static  Charge  Reducer — i.e.,  the  in¬ 
dication  that  a  low  exit  level  of  charge  may 
nor  reduce  surface  voltages  as  expected — re¬ 
quires  further  investigation.  Until  the  weak¬ 
ness  in  the  SCR  is  corrected,  it  is  recom¬ 
mended  that  highly  charged  fuel  be  relaxed  in 
the  customary  way,  using  a  relaxation  tank  or 
a  length  of  pipe,  either  steel  or  FRP,  or  pro¬ 
vide  adequate  residence  time. 

Since  the  definition  of  "adequate  resi¬ 
dence  time1'  is  closely  related  to  both  charge 
levels  produced  by  filters  end  charge  levels 
considered  "safe"  for  tank  filling,  it  is 
recommended  that  emphasis  be  given  to  low 
charging  filters  and  to  research  that  may  more 
clearly  define  acceptable  charge  levels  when 
fuel  is  actually  introduced  into  a  tank. 
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SYMBOLS  AND  TERMINOLOGY 

c  ■  Rest  conductivity,  k5,  at  0°F. 

CU  «  Conductivity  Unit,  a  means  of  expressing 
fuel  conductivity;  1  CU  «  10'^  Siemens/ 
meter  «  1  Picosiemen/meter. 
ko  »  Effective  conductivity,  i.e.  conductivity 
of  charged  fuel,  expressed  in  CU. 
k0  »  Rest  conductivity,  le.,  conductivity  of 
uncharged  fuel,  expressed  in  CU. 

m  ■  Temperature  coefficient  for  rest  conduc¬ 
tivity,  dk0/dT. 

Qo  “  Charge  density  at  pipe  inlet ,  expressed 
as  microcoulonfos /cubic  meter  (pC/m3). 

Qt  ■  Charge  density  at  pipe  outlet,  see  Q0. 

t  “  Residence  time,  i.e.  time  for  charge  to 
decay. 

T  -  Temperatu  :e ,  °F. 

e  »  Dielectrii  constant  of  fuel  relative  to  a 
vacuum,  a  dimensionless  quantity  equal  to 
about  2  for  hydrocarbons. 
e0  »  Absolute  dielectric  constant  of  a  vacuum, 
8.854  x  10“12  ampere  seconds/volt  meter. 

U  «  Ion  mobility,  square  meters/volt  second. 

T  B  Relaxation  Time,  i.e.  time  for  charge  to 
decay  to  36. SZ  of  original  value,  seconds. 
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Introduction  to  Section 

R.A.  Peterson,  The  Boeing  Company 

Chairman  and  Organizer 


The  papers  presented  in  this,  the 
second  session  on  Aircraft,  addresses 
only  the  air  vehicle  and  its  immediate 
environment  and  the  effect  of  this 
environment  on  the  vehicle's  ability  to 
perform  in  a  normal  manner. 

The  authors  who  have  prepared  the  papers 
are  recognized  experts  in  the  field  of 
Lightning  and  Static  electricity  as  it 
relates  to  air  vehicles  as  a  total 
system.  Not  only  have  they  gained 
experience  over  the  years  by  observing 
and  examining  damage  caused  by  natural 
lightning  and  recognizing  the  undesir¬ 
able  effects  of  static  electricity,  but 
they  have  also  been  able  to  create 
artificial  models  that  closely  represent 
the  natural  phenomena. 

One  method  of  approach  which  has  been 
used  very  successfully  is  experimen¬ 
tation  using  vehicle  models,  artificial 
lightning,  simulated  electric  fields 
and  charging  mechanisms.  A  second 
approach,  which  has  only  recently  been 
possible,  utilizes  a  computer  to  solve 
the  complex  equations  associated  with 
a  mathematical  model  of  lightning  and 
its  effect  on  various  vehicle  subsystems. 

Both  of  the  approaches  described  above 
can  be  effective  and  the  choice  usually 
is  determined  by  complexity  of  the 
problem  being  analyzed.  Highly 
sophisticated  weapon  systems  3uch  as 
the  B-l  lend  themselves  to  the  computer 
analyses  approach  during  the  design 
stage  of  the  vehicle;  however,  problems 
that  arise  as  a  result  of  vehicle 
operational  experience  usually  can  be 
solved  more  directly  by  experimentation. 
With  the  facilities  we  have  at  our  dis¬ 
posal  today  it  is  relatively  straight 
forward  to  simulate  the  operational 
situation,  develop  protection  systems 
and  then  test  the  system  under  simulated 
conditions. 

Whatever  the  approach  to  the  problem  may 
be,  this  last  step  is  the  only  way  one 
can  be  sure  that  the  problem  has  been 
corrected.  The  final  tests  must  be 


performed  with  the  actual  hardware 
if  at  all  possible. 

The  authors  of  the  pan«r  entitled 
"A  Passive  Discharge  System  for  the 
Electrically  Charged  Hovering 
Helicopter,"  were  not  aware  of  the 
planned  1972  Conference  on  Lightning 
and  Static  Electricity  until  after  che 
agenda  had  been  published;  however, 
we  were  fortunate  enough  to  receive 
their  excellent  paper  in  time  for  the 
printing  of  these  proceedings. 
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Lightning  Protection  Techniques  for 
Large  Canop'es  on  High  Speed  Aircraft* 

Robert  Aston,  R.  Gorton,  and  G.L  Weinstock 
McDonnell  Aircraft  Company 

ABSTRACT 

The  primary  hazard  from  a  lightning  strike  to  an  aircraft 
canopy  occurs  if  the  canopy  punctures  and  the  lightning 
strikes  the  pilot.  This  hazard  was  analyzed  mathematically 
and  was  extensively  tested  on  flat  polycarbonate  sheets,  a 
simulated  canopy,  and  an  actual  fighter  aircraft  canopy. 

The  analysis  showed  that  canopy  puncture  v  '.uld  not  occur 
because  of  the  lower  breakdown  dielectric  strength  and  the 
dielectric  constant  of  the  surrounding  air. 

Lightning  simulation  tests  were  performed  in  three  steps. 
First,  tests  were  performed  on  flat  polycarbonate  sheets  to 
determine  the  relationship  between  surface  flashover  in  air 
and  when  breakdown  through  the  material  would  UCCUa. 
Puncture  of  the  polycarbonate  in  air  could  not  be  achieved. 
The  second  series  of  tests  was  performed  on  an  actual 
canopy  to  investigate  the  possibility  of  puncture  by  a  long 
spark  (between  36  and  80  in.).  Tests  showed  that  attach¬ 
ment  with  long  sparks  would  occur  to  the  metallic  frame¬ 
work  of  the  canopy,  but  not  to  the  polycarbonate  material. 
Using  shorter  sparks  (less  than  24  in.),  attachment  to  the 
polycarbonate  canopy  was  achieved.  Surface  flashover 
always  occurred,  as  ndicated  by  the  analysis.  The  third 
series  of  tests  was  to  investigate  the  safety  margin  of  the 
high  speed  fighter  aircraft  canopy.  For  this  purpose,  a  large 
sheet  of  1  / 8  in.  thick  polycarbonate  was  formed  into  a 
flat-bottomed,  cylindrical,  simulated  canopy  which  was 
less  than  half  the  thickness  and  considerably  larger  than  an 
average  canopy.  The  results  were  similar  to  the  tests  on  the 
actual  canopy. 

Side  effects  of  a  lightning  strike  to  the  canopy  area 
considered  were  corona,  triggering  of  the  canopy  ejection 
system,  and  the  possibility  of  the  current  welding  the 
canopy  frame  to  the  aircraft  frame.  None  of  these  were 
found  to  be  a  hazard. 

Three  methods  of  lightning  protection  were  investigated; 
a  solid  metal  bar  outside  the  canopy,  a  thin  metal  strip 
inside  the  canopy  a1  id  an  ionizing  button  strip  outside  the 
canopy.  All  give  canopy  protection  against  lightning  strikes 
The  solid  metzl  bar  outside  the  canopy  is  considered 
unacceptable  because  of  thermal  expansion  problems 
resulting  from  the  different  coefficient  of  thermal  expansion 
between  the  polycarbonate  and  the  copper  or  aluminum  bar. 

LIGHTNING  attach  paint  studies  and  strike  histories  show 
that  fighter  aircraft  canopies  can  be  struck  by  lightning 
The  purpose  of  the  work  described  in  this  paper  was  to 
determine  by  analysis  and  experimental  evaluation  the 
susceptibility  of  fighter  aircraft  canopies  to  lightning  strikes 
and  to  develop  lightning  protection  methods  if  required. 

The  initial  phase  of  this  program  was  an  analysis  of  the 
lightning  susceptibility  characteristics  of  a  fighter  aircraft 
canopy.  High  voltage  tests  were  then  performed  on  flat 
sheets  of  Lexan  (a  typical  canopy  material),  a  simulated 
canopy,  and  a  full  size  canopy.  Investigations  of  the 
criteria  that  determine  eithe.  .  .rface  flashover  or  canopy 
material  puncture  were  performed  on  fiat  Lexan  sheets. 


An  actual  aircraft  canopy  was  used  to  experimentally 
evaluate  and  verify  ihe  analysis  of  the  primary  hazard, 
canopy  puncture,  and  the  secondary  hazard,  corona 
inside  the  canopy. 

Tests  were  also  performed  on  three  candidate  diverter 
systems  to  determine  the  effectiveness  of  various  protective 
systems.  These  included  both  high  current  and  high 
voltage  tests. 

The  investigation  of  corona  inside  the  canopy  concluded 
that  corona  does  not  present  a  serious  hazard  to  the  crew. 
The  significant  result  of  this  program  is  that  by  both  analysis 
and  tests,  it  has  been  shown  that  a  fighter  aircraft  canopy  of 
this  particular  design  will  not  puncture  and  therefore  addi¬ 
tional  lighting  protection  is  not  required. 

CANOPY  ELECTRIC  FIELD  ANALYSIS 

An  analysis  of  the  electric  field  distribution  about  a 
canopy  was  made  to  determine  if  the  maximum  sustainable 
electric  fields  in  air  (without  air  breakdown  at  atmospheric 
pressure)  would  cause  dielectric  breakdown  of  the  canopy. 
The  objective  of  the  analysis  was  to  determine  which  would 
breakdown  first  as  a  result  or  the  fields  from  an  approaching 
lightning  stroke.  1 )  the  air  abeve  the  canopy  and  hence 
flashover,  or  2)  the  canopy  which  would  therefore  require 
a  canopy  lightning  protection  system. 

The  physical  mode!  chosen  for  this  analysis  was  that  of  a 
hollow  dielectric  cylinder  surrounding  a  metal  cylinder.  A 
uniform  electric  field,  E,  is  applied  to  the  system  (see 
Fig.  1 ).  Tliis  model  was  selected  because.  1 )  it  represents  a 
worst  case  in  the  sense  that  the  inside  of  the  canopy  is  held 
at  a  constant  potential  by  the  metal  cylinder  so  that  the 
maximum  possible  electric  fields  in  the  dielectric  will  be 
obtained,  and  2)  the  mcdel  has  a  mathematically  trac¬ 
table  solution. 


•This  work  was  conducted  under  U.S.  Air  Force  Contract 
F33615-71-C-1581 


The  potential  at  point  ?(r,  0)  is  found  b.>  standard  HIGH  VOLTAGE  TESTS  ON  AN  ACTUAL  HIGH 

analytical  methods.  The  potential  in  air  is  given  by  SPEED  FIGHTER  AIRCRAFT  CANOPY 


Vair  =  (r  -  ■y)  E  cos  1 
In  the  dielectric 

Vc5,.opy  =  'Sr-7>Ecos0 

Tlie  coefficients  A,  B,  C  are  dependent  upon  the  dielectric 
constant  of  the  canopy,  SC  and  upon  the  inner  and  outer 
radius  (a  and  b)  of  the  dielectric  cylinder.  These  coefficients 
are  given  by: 

,  2  2 
A  =  a  cm* 


(K+!)b2  +  (K-l)a2 

C  =  B  a2  cm2. 

The  values  for  the  relative  dielectric  constant,  K, 
and  inner  and  outer  radii  (a  and  b)  are  3,  93. 98  cm  and 
94.72  cm  respectively.  The  canopy  thickness  is  0.29  in. 
and  is  made  of  Lexan  tFig.  2). 


r  >  b. 

a<r<b. 


2  -  Canopy  surface  dimensions 


The  maximum  po'entiai  across  the  dieicctnc  occurs  in 
the  direction  of  the  external  electric  field  (0  =  0,  cos  0  =  1). 
Using  the  appropriate  values  for  the  constants,  the 
maximum  voltage  across  the  dit!ectric  is  given  as 

^  ^canopy  “  E- 


Thus  since  atmospheric  air  breaks  down  when  the  electric 
field  is  30  kV/cm,  this  will  correspond  to  a  maximum 
potential  across  the  dielectric  of: 


A  V 


canopy 


1 4.7  kV. 


The  long-term  thermal  breakdown  for  0.29  in.  thick 
Lexan  is  83  kV,  The  impulse  breakdown  potential  is  272  kV. 

A  comparison  of  these  values  shows  that  the  maximum 
electric  field  which  is  sustainable  in  air  will  not  cause  a 
sufficient  potential  across  the  dielectric  canopy  to  cause  it 
to  puncture.  The  air  adjacent  to  the  canopy  will  break 
down,  and  thus  flashover  to  a  metal  ftame  will  occur  when 
the  canopy  is  subjected  to  the  high  electric  fields  associated 
with  the  lightning  strike. 

Since  the  value  used  for  air  breakdown  was  chosen  at 
atmospheric  pressure,  and  since  it  decreases  with  a  decrease 
in  pressure,  the  results  obtained  reflect  a  worst  case  for 
altitude  variations. 


High  voltage  tests  at  1 .4  MV  were  performed  on  the 
canopy  (Fig.  3)  in  a  close  simulation  to  the  actual  conditions 
to  determine  if  the  canopy  would  puncture.  Lightning 
always  attached  to  the  metallic  canopy  arch  when  an 
approaching  strike  was  simulated  by  a  long  spark  from  the 
electrode  located  80  in.  above  the  canopy  (Fig.  4).  The 
high  voltage  electrode  was  then  brought  progressively  closer 
to  the  surface  of  the  canopy  while  maintaining  1 .4  MV. 

When  the  electrode  was  at  about  36  in.  above  the  trans¬ 
parency  (Fig.  5),  attachment  to  the  fo.ward  pari  of  the 
transparency  occurred.  The  attachment  point  gradually 
moved  aft  as  the  electrode  was  brought  nearer  to  the 
transparency  surface  until  it  was  only  1  in  from  the  surface. 


Fig.  3  -  High  voltage  generator  and  canopy  -  sideview 


Fig.  4-1.4  MV  strike  to  unprotected  canopy  from  80  in. 
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Fig.  5-1.4  MV  strike  to  unprotected  canopy  from  36  in. 


Fig.  7  -  End  view  o'  1/8  in.  thick  Lexan  simulated  canopy 


canopy  was  performed  using  approximately  !  .3  MV  and 
with  a  rod  electrode  at  gap  distances  of  88  in.  to  1  in. 
above  the  canopy.  In  none  of  these  configurations  did 
canopy  puncture  occur. 


Figure  6  shows  how  air  breakdown  will  occur  in  all  di¬ 
rections  at  electric  field  values  too  low  to  puncture  the 
Lexan.  These  conditions  might  occur  in  the  case  of  a  swept 
stroke  starting  from  a  strike  to  the  forward  canopy  arch. 

In  none  of  these  configurations  did  puncture  of  the  canopy 
occur.  This  included  deliberate  “overstressing”  by  forcing 
the  simulated  strike  to  go  to  the  canopy  transparency. 


Fig.  6-1.4  MV  strike  to  unprotected  canopy  from  1  in. 


HIGH  VOLTAGE  TESTS  ON  1/8  IN.  THICK 
SIMULATED  CANOPY 

In  order  to  establish  the  existence  of  a  safety  margin 
against  puncture,  a  simulated  canopy  (Fig.  7)  was  con¬ 
structed  with  a  transparency  thickness  of  0. 1 25  in.  as 
compared  with  the  0.2S  in.  thickness  of  the  actual  high 
speed  fighter  aircraft  canopy,  and  a  diameter  of  about 
40  in.  as  compared  with  37  in.  for  the  actual  canopy. 

A  series  of  high  voltage  strikes  to  the  simulated  “thin" 


CORONA 

Investigations  were  conducted  to  assess  the  magnitude 
of  the  corona  that  would  be  induced  under  the  canopy  by 
a  lightning  strike.  Photographs  of  corona  streamers  from 
the  top  of  the  simulated  pilot's  scat  were  obtained. 

An  actual  high  speed  fighter  aircraft  canopy  was  used  to 
determine  the  magnitude  of  corona  streamering  current 
inside  the  canopy  just  before  a  lightning  strike  hits  the 
canopy.  The  upper  part  of  a  simulated  pilot  seat  was  fixed 
inside  the  canopy  and  a  pilot’s  helmet  was  attached  .o  it. 
The  earphones  and  microphone  were  grounded.  Three 
cameras  were  used,  one  with  high  speed  roll  film  o  photo¬ 
graph  low  intensity  corona  inside  the  canopy  and  two 
Polaroid  type  cameras  from  different  angles  to  photograph 
the  high  intensity  sparis  breakdown  and  corona  outside 
the  canopy. 

Corona  was  studied  under  two  circumstances:  1 )  w.ih 
the  high  voltage  generator  set  at  slightly  lover  than  the 
bteakdown  value  so  that  a  discharge  would  not  occur;  and 
2)  with  the  high  voltage  generator  set  above  breakdown  «o 
that  a  spark  to  some  part  of  thr  canopy  occurcd. 

The  high  voltage  generator  was  set  for  1.2  MV  to  1 .3  MV 
amplitude,  and  <he  high  voltage  electrode  was  placed 
approximately  86  in,  above  the  ‘.op  of  the  canopy.  Photo¬ 
graphs  of  corona  streamering  were  taken  during  the  strike. 
Photographs  of  internal  corona  during  a  simulated  lightning 
strike  show  that  most  corona  originates  from  the  top  of  the 
pilot  scat  No  intense  sparking  was  noticeable.  Comparison 
with  a  reproducible  .--ewee  (a  model  Van  de  Graf  generator) 
indicated  that  the  corona  is  too  small  to  represent  a  serious 
pilot  hazard  even  without  protection. 

CONDUCTION  OF  HIGH  CURRENTS 

High  current  tests  of  200  kA  from  the  arches  to  the 
canopy  metal  frame  were  performed.  The  conduction  path 
from  the  canopy  frame  to  the  airframe  is  through  a  number 
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of  punllol  path*.  Four  separate  canopy,  i(alnl«aa-iteol 
retaining  hooka  ware  clamped  to  the  canopy  frame  by  the 
canopy  counterbalance  actuator  preature.  Each  provided  a 
conductive  path  between  the  canopy  frame  and  the  air¬ 
frame.  In  addition,  two  canopy  hingea  behind  the  pilot 
aeat  alao  provided  a  high  current  conductive  path.  The 
testa  ahowod  that  t'.he  canopy  metal  arches  and  the  attach¬ 
ment  hooka  and  hi  ngea  are  capable  of  withstanding  200  kA 
strikes.  Subsequent  examination  of  the  screws  at  the  attach 
point  showed  evide  nee  of  slight  damage  to  the  threads  of 
those  carrying  the  current  (Fig.  8). 


Fig.  8  -  Joint  screw  damaged  by  200,000  KA  joint  test 
LIGHTNING  PROTECTIVE  DIVERTER  SYSTEMS 


Even  though  the  analysis  and  test  showed  that  the 
specific  fighter  aircraft  canopy  used  in  this  program  would 
not  puncture,  tents  of  three  candidate  diverters  were  per¬ 
formed.  The  diverters  would  be  applicable  for  larger 
canopies  where  corona  could  be  a  problem  or  for  com¬ 
posites  with  low  dielectric  strength  that  could  be  punctured 
by  lightning.  The  following  three  diverter  systems  were 
investigated. 

1)  A  solid  bar  on  the  outside  of  the  canopy  extending 
from  above  the  back  of  the  pilot’s  head  to  the  canopy 
frame. 

2)  A  metal  strip  inside  the  canopy  extending  from  above 
the  back  of  the  pilot’s  head  to  the  canopy  frame. 

3)  A  system  of  metal  buttons  on  the  outside  of  the 
canopy  extending  from  above  the  back  of  the  pilot’s  head 
to  the  canopy  frame. 

EXTERNAL  SOLID  BAR  DIVERTER  -  This  system  was 
a  solid  aluminum  bar  3/8  in,  x  0.124  in.  x  40  in.  long, 
extending  from  above  the  back  of  the  pilot’s  head  to  the 
canopy  arch.  The  temperature  rise  caused  by  s  high 
current  strike  or  aerodynamic  heating  causes  considerable 
differential  thermal  expansion  between  the  metal  bar  and 
the  Le",an  canopy. 


The  difference  in  the  thermal  expantion  rate*  of  Lexan 
(3.73  x  10-S/°F)  md  cooper  (0.89  x  10-S/°P)  or 
aluminum  (1 .59  x  10~^/”F)  la  a  serious  problem.  In  this 
cate,  the  expansion  problem  cannot  be  minimized  by 
increasing  the  crose-sectional  area  of  the  diverter.  Such  i 
large  difference  in  expansion  places  a  considerable  strain 
upon  the  bond  between  the  diverter  end  the  canopy.  In 
laboratory  bond  tests,  none  »f  the  adhesives  were  found 
capable  of  bonding  metal  to  Lexan  at  the  high  temperatures 
anticipated  by  worst  case  aerodynamic  heating. 

Since  adhetive  attachment  of  a  bar  diverter  is  not 
feasible,  other  methods  of  attachment  were  examined. 
Attaching  the  external  metal  bar  diverter  by  a  sliding 
mechanism  which  allows  the  rod  to  move  longitudinally, 
could  solve  the  differential  expansion  problem.  However, 
the  sliding  mechanism  would  have  to  be  capable  of  with¬ 
standing  the  high  magnetic  forces  caused  by  the  high 
lightning  currents  and  would  be  undesirable  because  the 
total  system  cross-sectional  area  would  be  large  and 
would  increase  aerodynamic  drag  and  reduce  visibility. 

Any  screw  fastening  method  is  also  undesirable  because 
a  metal  screw  would  introduce  the  electric  field  directly 
into  the  canopy  and  a  dielectric  screw  of  adequate 
strength  would  be  too  large. 

For  the  reasons  discussed  in  this  section,  it  is  therefore 
considered  impractical  to  use  an  external  solid  bar  on  a 
high  performance  aircraft  canopy  for  lightning  protection. 

IONIZING  BUTTON  STRIP  DIVERTER  OUTSIDE 
THE  CANOPY  -  This  type  of  diverter  was  originally  de¬ 
signed  and  developed  by  Douglas  Aircraft  Company  for  use 
on  commercial  aircraft.  The  button  strip  diverter,  shown 
in  Fig.  9,  is  constructed  of  a  thin  insulating  strip  with  a 
resistive  film  coating  on  the  underside  and  metal  buttons 
(about  10/in.)  along  the  entire  length  on  the  top  side,  with 
small  gaps  between  each  button.  The  buttons  are  connected 
through  the  strip  .o  the  resistive  film  on  the  other  side. 
Because  of  the  high  resistance  between  individual  buttons, 
a  high  current  does  not  flow  in  the  strip  itself. 

The  metal  buttons  act  as  a  ‘catalyst’  in  ionizing  the 
air  adjacent  to  the  row  of  buttons.  The  low  pre-strike 
current  causes  a  high  voltage  between  adjacent  buttons 
leading  to  ionization  and  corona  current  over  the  surface 
of  the  strip.  This  leads  to  breakdown  in  the  air  at  a  reduced 
voltage,  providing  a  low  impedance  air  path  to  the  end  of 
the  strip,  which  is  attached  to  the  metal  canopy  frame. 

Differential  expansion  problems  can  be  circumvented  by 
using  Lexan  as  the  base  material  in  which  the  buttons  are 
mounted.  Since  the  high  current  does  not  flow  in  the 
diverter,  the  magnetic  forces  do  not  act  on  the  diverter  and 
available  adhesives  can  be  used  to  attach  it  to  the  canopy. 

* 

METAL  STRIP  DIVERTER  UNDER  THE  CANOPY  -  A 
thin  metal  strip  inside  the  canopy,  extending  from  a  point 
above  the  back  of  the  pilot’s  head  to  the  canopy  arch,  is 
also  a  practical  alternative.  Since  it  is  inside  the  canopy,  it 
does  not  have  the  aerodynamic  problems  associated  with 
an  external  diverter.  The  low  current  conducted  by  the 
internal  diverter  means  that  a  small  cross-section  can  be 
used,  so  that  the  mechanical  forces  (caused  by  differential 
expansion)  are  small,  thus,  the  strip  can  be  held  by  avail¬ 
able  adhesives.  Since  the  strip  is  narrow,  visibility  restric¬ 
tions  are  also  less  than  those  of  the  other  two  candidate 
diverters.  The  internal  metal  strip,  however,  is  not  as 
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CONCLUSIONS 


effective  as  the  button  strip  in  reducing  the  surface  flash- 
over  voltage.  Test  results  have  shown  thai  the  electric 
field  required  for  fiashover  is  5  kV/in.  with  the  internal 
diverter  compared  with  1.2  kV/in.  for  the  button  strip 
and  19  kV/in.  without  any  form  of  protection. 

In  order  to  check  the  effect  of  interna!  diverters  op.  the 
probability  of  canopy  puncture,  two  series  of  high  voltage 
tests  were  performed.  For  the  first  series,  a  thin,  narrow 
aluminum  tape  was  bonded  to  the  internal  surface  of  the 
canopy  on  the  longitudinal  centerline.  Care  was  taken  to 
ensure  that  the  adhesive  did  not  cover  the  exposed  surface. 
For  the  second  series,  the  exposed  surface  of  the  diverter 
tape  was  completely  covered  by  spraying  a  tnick  layer  of 
acrylic  adhesive  over  it.  The  same  high  voltage  tests  were 
repeated.  Neither  scries  of  tests  resulted  in  canopy  puncture. 


Analysis  and  laboratoiy  tests  show  tliat  canopy  puncture 
will  not  occur.  Although  the  possibility  of  a  lightning  strike 
to  the  canopy  exists,  the  tests  described  herein  show  that  it 
attaches  to  the  metallic  canopy  supports.  Attachment  to  the 
canopy  transparency  will  not  nc'mally  occur.  When  a  strike 
attaches  to  the  front  canopy  arch,  a  swept  stroke  may  occur. 
Under  these  conditions,  the  strike  may  sweep  aft  over  the 
transparency  surface  and  re-attach  to  the  center  canopy 
arch  support. 

The  limiting  effect  of  air  upon  the  maximum  electric 
field  will  protect  the  transparency  against  puncture,  and 
high  current  tests  show  that  the  canopy  arch  and  attach¬ 
ment  method  is  capable  of  conducting  over  209,000  A. 

A  final  judgment  of  the  physiological  effects  of  corona 
current  on  the  pilot  requires  a  detailed  medical  study.  The 
engineering  conclusions  reached  are  that  such  corona 
streamering  as  exists  appears  too  small  to  represent  a  serous 
hazard  to  the  pilot. 

Laboratory  tests  on  the  three  diverter  systems  show  that 
all  three  offer  adequate  protection  against  corona.  The 
tests  also  show  that  canopy  puncture  wilt  not  occur  when 
equipped  with  any  of  these  diverter  systems. 

The  results  of  analysis  and  tests  show  that  high  current 
heating  in  the  external  metal  bar  can  be  limited  sufficiently 
with  a  cross-sectional  area  greater  than  0.023  in.-.  The 
thermal  expansion  caused  by  aerodynamic  heating  does 
not  seem  to  have  a  satisfactory  solution. 

Laboratory  tests  performed  on  the  other  two  diverter 
systems  show  an  adequate  level  of  protection  against  corona 
and  indicate  that  the  internal  diverter  does  not  cause 
canopy  puncture. 
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LIGHTNING  AND  ELECTRCMAGNET I C 
COMPATIBILITY  ANALYSES 

E.  S.  Hughes 

THE  IMPORTANCE  OF  ANALYZING  the  effects  of 
lightning  on  the  B-l  bomber  las  been  evident  to 
those  responsible  for  electromagnetic  inter¬ 
ference  and  compatibility  (EMIC)  on  the  3-1 
program  for  some  time.  Considerable  work  has 
been  done  in  the  area  of  analyzing  the  physical 
damage  to  aircraft  due  to  lightning,  however, 
the  effects  on  internal  electronics  have  net 
!>een  quantitatively  analyzed  to  date  to  any 
acceptable  degiee. 

It  appeared  that  the  most  effective 
approach  to  such  an  analysis  on  the  B-l  program 
was  to  combine  and  coordinate  the  knowledge  and 
efforts  of  experts  in  different,  but  related, 
technical  disciplines.  The  recognized  experts 
in  lightning  phenomena  would  develop  models 
of  lightning  itself,  and  this  d2ta  then  used 
w  extern  electromagnetic  compatibility  (ETC) 
analysts  to  deteimine  the  effects  of  electronic 
subsystems.  This  is  to  be  accomplished  by 
means  of  a  „y«tem  level  BIC  analysis  program, 
such  as  the  Specification  Electromagnetic 
Compatibility  Analysis  Progmm  (SEMCAP),  which 
is  presently  being  used  on  the  B-l  pregram 
for  system  EMC  analysis .  This  ns; er  comprises 
three  parts  by  authors  with  expertise  in  each 
of  these  related  disciplines. 

Mr.  J.  D.  Robb  of  the  Lightning  and 
Transients  Research  Institute  is  recognized  as 
having  made  significant  contributions  in  the 
area  of  lightning  research  and  has  developed 
lightning  models  for  use  on  the  B-l  EMIC 
analysis  program. 

Mr.  W.  R.  Johnson  of  TRW  Systems  has 
extensive  experience  in  system  EMC  analysis 
and  has  had  major  responsibility  in  the  develop 
ment  ef  the  SEMCAP  computer  program. 

Mr.  J.  A.  Plumer  of  General  Electric  has 
done  extensive  analysis  bridging  the  gap  be¬ 
tween  lightning  phenomena* and  effects  on 
vehicles  and  their  internal  systems  and  cables. 


The  results  presented  in  this  paper 
represent  a  major  first  step  in  the  quantita¬ 
tive  prediction  and  analysis  of  lightning 
effects  on  a  complex  weapon  system  and  sub¬ 
systems  ir  terms  of  total  electromagnetic 
compatibility. 

It  is  hoped  that  this  effort  will  be  con¬ 
tinued  to  develop  more  refined  and  explicit 
models.  North  American  Rockwell  would  like 
to  take  this  opportunity  tc  express  apprecia¬ 
tion  to  these  gentlemen  and  their  companies 
for  this  step  forward. 

LIGHTNING  AND  ELECTROMAGNETIC 

COMPATIBILITY 

J.A.  Plunmer 

THE  ABILITY  OF  AN  AIRCRAFT  to  function  properly 
in  an  all-weather  enviro  ment  is  dependent 
upon  interference- free  functioning  of  its  elec¬ 
trical  and  avionics  systems  in  the  external 
electromagnetic  environment.  One  of  the  most 
severe  envirounents ,  and  the  one  Che  aircraft 
will  be  subjected  to  most  often,  is  that  pro¬ 
duced  by  lightning  strikes  to  the  aircraft. 
There  arc  some  fundamental  differences  between 
the  electromagnetic  environment  created  by 
lightning  and  that  generated  from  onboard 
electromagnetic  interference  (13*11)  sources 
necessitating  that  this  external  interference 
source  be  given  specific  consideration  in  a 
complete  EMC  analysis  program  for  a  modem 
aircraft.  Briefly,  these  diffeiences  are: 

1.  Hie  electromagnetic  fields  generated 
by  lightning  currents  t  e  of  high  amplitude,  as 
compared  with  those  generated  by  onboard  avi¬ 
onics  and  electrical  systems. 

2.  Lightning  currents  flowing  along 
major  sections  of  the  aircraiN.  cause  electro¬ 
magnetic  fields  tc  interact  with  all  wi ring  and 
components  inside  as  well  as  outsjue  tne  air¬ 
frame,  as  different  from  the  more  localized 
sources  of  LMI  such  as  single  wires,  antennas 
and  'black  boxes." 


3.  Lightring  creates  one  or  more-  dis¬ 
crete  EH  field  pulses  as  contrasted  with  an 
oscillating  repetitive  field  radiated  from  a 
corresponding  signal  in  a  particular  circuit  or 
antenna. 

4.  The  lightning  magnetic  field  xs  ac¬ 
companied  by  an  electrostatic  field  caused  by 
the  differences  cf  potential  along  the  struc¬ 
ture  as  well  as  external  to  it. 

S  Lightning  is  a  flow  of  high  amplitude 
current  through  major  sections  of  the  aircraft 
from  a  low  impedance  source  (visualized  as  an 
ideal  current  generator) ,  as  contrasted  to  the 
relatively  high  impedance  sources  of  "conven¬ 
tional"  EMI. 

Thus,  the  susceptibility  of  critical  cir¬ 
cuits  and  components  to  lightning  electromag¬ 
netic  interference  must  be  analyzed  to  complete 
the  EMC  analysis  program. 

MATHEMATICAL  MODELS  FOR  LIGHTNING 
J.D.  Robb 

A  MATHEMATICAL  MODEL  of  the  thunderstorm 
electromagnetic  ficlus  and  currents  to  which  an 
aircraft  is  subjected  in  flight  has  been 
developed  for  use  in  computer  programs  pre¬ 
viously  used  for  predicting  EMC  of  aerospace 
vehicles.  The  computer  EMC  programs  were  de¬ 
veloped  for  deteiming  the  interaction  effects 
between  various  circuits  in  an  aircraft 
including  the  effects  of  electric  and  magnetic 
field  coupling  to  cables  and  they  are  being 
adapted  for  determining  the  effect  of  light¬ 
ning  strokes  and  their  associated  electrical 
and  magnetic  fields  on  the-  aircraft  electrical 
system.  The  models  are  intended  to  present 
the  near  maximum  magnitudes  and  waveforms  of 
the  thunderstorm  electromagnetic  field  and 
lightning  currents  to  which  „n  aircraft  would 
be  subjected  :n  flight. 

A  numbe*-  of  simplifying  assumptions  are 
required  to  bring  the  problem  within  a  size 
than  can  be  handled,  in  view  of  the  extensive 
computer  capacity  required  for  the  complex 
electrical  electronic  systems  on  an  aircraft 
such  as  the  B-l.  Fior  the  almost  infinite- 
variety  of  natural  lightning  wave  fonts  and 
magnitudes,  a  few  representative  waveforms 
were  selected  for  input  into  the  SEMCAP  program 
These,  of  course,  can  be  easily  scaled  to 
higher  or  lower  levels  once  the  program  and 
input  waveforms  have  been  established. 

Hie  analysis  is  most  easily  carried  out 
on  the  computer  in  the  frequency  domain  and 
therefore  Fourier  componets  of  the  input  wave¬ 
forms  are  used  in  the  program  input.  It  is 
convenient  to  use  analytical  function  inputs 


to  represent  the  lightning  and  electromagnetic 
fields  and  lightning  currents,  specifically, 
double  exponentials  of  the  form  A(eat-e"Dt), 
and  a  sin^  function  to  handle  mathematical 
discontinuities. 

Although  the  electric  fields  go  down  to 
dc  in  frequency,  these  are  of  less  interest  for 
the  SEMCAP  program  ar-  the  E  field  conpones.ts 
at  the  dc  level  have  little  effect  on  any 
internal  aircraft  wiring  in  terms  of  direct 
interference.  They  can  produce  corona  dis- 
cliarges  from  exposed  wiring,  but  this  problem 
can  be  more  easily  handled  with  techniques 
utilized  in  precipitation  static  control  and, 
therefore,  are  not  included  among  the  models 
for  the  SB4CAP  program.  Tne  fields  thus  go 
from  large  magnitude  components  with  micro¬ 
second  rise  times  down  to  intermediate  com¬ 
ponents  with  millisecond  rise  times. 

MECHANISM  OF  LIGHTNING  STROKE  APPROACH  AND 
CONTACT  TO  AN  AIRCRAFT 

In  considering  the  mechanisms  of  lightning 
stroke  current  and  electromagnetic  field 
coupling  to  aircraft,  it  is  useful  to  review 
the  basic  mechanisms  of  stroke  contact.  A 
natural  lightning  discharge  initiates  from  a 
charge  region  in  a  cloud  in  the  form  of  a  step 
leader  which  advances  in  approximately  50- 
meter  steps  toward  another  charged  region  or 
toward  the  earth  as  illustrated  in  Figure  1-1. 


Fig.  1-1  -  Illustration  of  lightning  discharge 
mechanism  with  correspond  mg  current 
flow  for  each  phase  shown  below. 

In  „ome  cases,  the  aircraft  triggers  a  light¬ 
ning  discharge  which  would  not  have  occurred 
otherwise,  and  in  some  cases  it  merely  diverts 
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the  discharge  slightly  out  of  its  normal  path 
so  that  the  stroke  passes  through  the  vehicle. 

Nhen  the  step  leader  contacts  the  earth  or 
another  charged  region,  the  existe.jce  of  an 
ionized  conducting  path  between  the  earth  and 
the  charge  region  (or  two  oppositely  charged 
regions  in  cloud -to -cloud  strokes)  results  in 
a  current  pulse  in  the  fons  of  an  ionization 
wave  which  travels  back  up  the  step  leader 
path  to  the  initiating  charge  region  in  the 
cloud.  The  high  current  ionizing  wave  is 
referred  to  as  th  .  "return  stroke"  and  con¬ 
sists  of  a  fast-rising  high-current  surge. 

This  is  often  followed  by  continuing  currents 
of  100  to  1,000  amperes  which  may  last  up  to 
1  second  followed  sometimes  by  high  current 
restrikes,  is  referred  to  in  the  scientific 
literature  as  a  flash. 

As  a  step  leader  approaches  the 
vehicle,  the  intense  voltage  existing  between 
its  tip  and  the  aircraft  induces  streamers 
and  intense  ionization  of  all  the  aircraft 
external  surfaces,  and  particularly  from  the 
extremities.  Figure  1-2  shows  the  streamering 
off  a  model  aircraft  subjected  to  intense 
electric  fields  in  the  laboratory.  When  the 
step  leader  contacts  one  of  the  vehicle 
extremities  through  the  streamer,  the  vehicle's 
potential  is  immediately  raised  to  the  extreme 
potential  of  the  lightning  discharge  and  addi¬ 
tional  streamering  takes  place  from  the 
opposite  extremities  of  the  vehicle  to  form  the 
step  leader  for  the  continuation  of  the  stroke 
path  to  another  charge  region  or  to  the  earth. 


Fig.  1-2  -  Streamering  effects  off  a  B-l 
aircraft  inode  1. 

Whereas,  the  stroke  generally  contacts  the 
aircraft  at  only  a  few  points,  many  streamers 
extend  from  the  aircraft  as  illustrated  in  the 


figure. 

This  process  thus  describes  the  fields  and 
direct  stroke  currents  to  which  the  aircraft 
will  be  subjected.  The  predominant  components 
for  each  phase  include: 

1.  Step  leader  phase  -  intense  electric 
fields  with  fast  rise  times  just 
before  contact  with  the  aircraft. 

2.  Return  stroke  phase  -  high  current 
and  high  current  rates  of  rise  with 
intense  magnetic  fields,. 

3.  Continuing  component  phase  -  reduced 
electric  fields  and  intermediate 
magnetic  fields. 

4.  Nearby  charge  center  and  nearby 
strokes  -  elactric  and  magnetic  fields 
of  intermediate  magnitude  and  full 
range  of  rise  times  from  DC  to  micro¬ 
seconds  . 

MATHEMATICAL  MODELS  -  E  AND  H  FIELD 

SPECIAL  MODE  I  ^  -  A  simple  and  fairly  rigorous 
single  model  for  the  near  zone  electric  end 
magnetic  fields  is  a  vertical  line  current 
representing  the  natural  lightning  return 
stroke  (State  II  Figure  1-1) . 

The  H  field  may  be  simply  represented  as 
the  field  about  an  infinite  vertical  line 
current  as  illustrated  in  Figure  1-3  and  as 
derived  from  the  Maxwell  integral  equation. 

S?  Tf  •  dl  =  I 


Fig.  1-3  -  Mathematical  model  of  E-  and  H-field 
lightning  geometry. 
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Integrating  about  a  simple  circular  path 
a  distance  r  from  the  channel  yields: 

H*2irr  =  I  where  I  =  channel  current 

H(r,«>  l )  =  ./  r  =  ladius  to  measure- 
'  '  ‘■"r  ment  point  (1) 

It  may  be  shown  that  the  vertically 
pol°rized  E  field  component  for  a  steep  current 
wave  front  traveling  up  the  channel  is 

E(rtl?tz)  =  6  Op-  (2) 

The  two  expressions  thus  give  a  simple 
expression  for  the  E  and  H  field  variations 
with  distance, 

TIME  VARIATION  MODELS  OF  THE  ELECTRIC  AND 
MAGNETIC  FIELD  -  The  field  variations  with  time 
follow  the  currents  directly  for  both  electric 
and  magnetic  fields.  Measurements  indicate 
field  changes  of  the  form 

F(t)  =  A(e‘at-e'bcl 

A  near  maximum  E  field  measured  in  flight 
is  about  500,000  volts/meter.  For  a  crest 
field  of  this  magnitude  in  the  above  equation, 

A  must  equal  o.8  x  10s  because  of  the  dec-ement 

A  near  maximum  H  field  about  the  aircraft 
will  be  2  x  104  ampere  meters  fox  which  A 
must  equal  about  2.V.  Thus  the  maximum  value 
field  models  without  spacial  variation  would  be 

E(t)  --  6.8  x  ioS  x  (?‘at-e'bt) 

where  a  =  1.3  x  10"’  (3) 

H(t)  =  2.7  x  i:4  x  (e'at-e"bt) 

where  b  =  1  x  10b  (4) 

The  waveforms  are  shown  in  Figure  1-4. 


E-FIElD/kV/n  H-c  I ELD/kA/m 


TIME  -  MICROSECONDS 


Fig.  1-4  -  E-  and  il-fxeld  waveform  model. 

COMPLETE  MODELS  -  The  space  and  time  functions 
can  be  combine.!  for  a  more  complete  descrip¬ 


tion  of  fields. 

E(r,«>,z,t)  =  E  (r,<p,z)  E(t)  (5) 

N(r,?,z,t)  =  ii(r,<p,z)  H(t)  (6) 

A  spherical  model  (a  sphere  over  a 
ground  plane)  gives  periiaps  a  more  familiar 
physical  picture.  The  expression  for  the 
vertical  field  component  is  shown  in  rectangu¬ 
lar  coordinates  using  the  sphere  over  ground 
plane  model,  is  presented  below: 


The  complete  sphere  model  would  be: 

cy(x,y,t)  =  E  (x,y).  i;<t) 

In  seminary,  the  infinite  line  current  model 
gives  both  E  and  H.  The  sphere  model  gives 
E  only  but  it  probably  gives  a  more  familiar 
appearing  electric  field  structure. 

Following  are  some  comments  on  the  field 
orientation.  The  E  field  will  always  be  noimal 
to  the  aircraft  regardless  of  the  free  space 
orientation  as  dictated  by  Maxwell's  equations. 
The  maximum  H  fields  will  generally  be  orienteu 
tangentically  to  the  aircraft  skin  (from 
currents  flowing  in  the  skin);  however,  signif¬ 
icant  H  fields  could  exist  from  nearby  strokes 
with  any  orientation.  Thus,  for  the  second 
order  H  fields,  three  orthogonal  orientations 
using  the  three  principal  axis  of  the  aircraft 
should  perhaps  be  used  to  represent  the  many 
possible  field  orientations. 

DIRECT  STRIKE  CURRENT  MODELS 

Two  mathematical  models  may  be  used  for 
direct  stroke  currents  in  the  SEMCAP  program, 
one  fast  rising  to  represent  cloud -to -ground 
strikes  and  one  with  intermediate  rise  time 
and  current  to  represent  cloud-to-cloud  strikes. 
A  third  component  representing  the  nearby  dc 
continuing  currents  is  not  used  as  their  com¬ 
ponents  are  not  too  significant  in  producing 
pulses  inside  an  aircraft.  Aiso,  the  SEMCAP 
program  does  not  extend  down  to  dc. 

The  cloud-to-ground  high  current  model  is 
represented  by  the  double  exponential: 

I  =  2.U  /  j.03  (e"at  -e'bt) 

where  1.3  x  104  (8) 

b  =  0.5  x  10° 

This  is  approximately  the  waveform  specified  in 
MIL-B-5087B  and  also  corresponds  to  the  inte? - 
national  high  voltage  test  waveform,  the  1  x  50 
microsecond  wave  (1  fisec  to  crest,  50  ixsec  to 
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half  value' 

The  cloud-to-cloud  mode  is  represented  by: 
I  *  1.5  x  104  (e"at  -e'bt) 

i 

where  a  3  1.3  x  10" 


The  waveforms  are  shown  in  Figures  1-5 
and  1-6. 


CURRENT  -  kA 


Fig.  1-5  -  Direct  strike,  high  current  return 
stroke  model  waveform  (cloud- to- 
ground)  . 


CURRENT  -  kA 


Fig.  1-6  -  Direct  strike,  cloud-to-cloud  inter¬ 
mediate  current  model  waveform. 


models  cover  the  follaving  conditions: 

A.  General  double  exponential  current  pulse 
of  cloud- to-ground  stroke 

B.  The  external  E  and  H  fields  due  to  a 
distant  stroke 

C.  The  internal  H  field  due  to  high  current 
density  in  small  structural  members, 
such  as  windshield  post 

D.  The  internal  E  field  dire  to  a  current 
stroke  on  the  fuselage,  (cylindrical 
model) 

E.  The  voltage  and  current  on  a  wire  struck 
directly  by  a  lightning  stroke.  Break- 
down  voltage  levels  due  to  arresters  or 
arcing  is  considered." 


MODELS 


CONDITION  A:  GENERAL  STROKE,  CURRENT  NDDEL- 
The  time  domain  model  for  general  lightning 
strokes  is  given  by  a  double  exponential 
function  of  the  form  I(t)  =  A(e‘at  -  e'*3*),  (1) 
where  a  is  the  decay  time  constant,  and  b  is 
the  rise  time  constant. 

Information  obtained  from  John  Robb 
of  LTRI  suggested  the  use  of  the  following 
values  for  equation  1  for  cloud-to-ground 
strikes 


s/.i 

I(t)  =  2.14  x  10^e 


3  x  104t  _e-.S  x  lO6!}^ 


and  for  cloud  to  cloud 
/ 

A  /  _  1 

I(t)  =  1.5  x  10~le"' 


2 

i  r»~*. 
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MATUEM\TICAL  MODELS  FOR  EMC  ANALYSIS 
W.  R.  Johnson 

SIMPLIFIED  NDDELS  of  the  spectral  density  func¬ 
tions  for  various  types  of  lightning  strokes  onto 
or  near  an  aircraft  are  presented.  This  data 
is  to  be  used  as  input  information  to  a  computer¬ 
ized  EMC  analysis  of  the  B-i  bomber.  The  models 
presented  are  quite  simple,  and  further  develop¬ 
ment  "o  a  more  sophisticated  state  is  antici¬ 
pated  for  future  application. 

The  characteristics  of  the  lightning  strokes 
themselves  are  provided  by  John  Robb  of  the 
Lightning  and  Transients  Research  Institute 
(LTRI),  St.  Paul,  Minnesota,  in  the  preceding 
section  of  this  paper. 

Models  are  developed  to  describe  the  spectral 
density  of  various  lightning  stiike  conditions. 
The  models  developed  describe  the  spectral 
density  of  H  and  E  fields,  and  currents  and 
voltages  in  the  •  uroke  and  in  the  aircraft.  The 


From  equation  1 .  the  general  spectral  density 
function  is 


Where  w  =  a,  <v.  =  b,  (as  giver,  in  equation  i; , 

3 

S  -  )(*)• 

Equation  4  may  be  solved  for  either  the 
cloud-to-gn  und  or  cloud-to-cloud  stroke  by 
the  insertion  of  the  proper  A,  a,  b  parameters, 
where  A  is  current  amplitude. 

CONDITION  B:  DISTANr  STRIKE,  F.  AND  li  MODELS  - 
For  external  E  and  H  fields,  the  Reference  ?  1, 
equations  1  and  2,  respectively,  are  evaluated 
with  a  driving  current  source  equal  to 


^Numbers  in  parentheses  designate  References 
at  end  of  this  part  of  the  paper. 
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equation  4. 


H  *  ^  E  =  S2jL&L  (5) 

Where  R  is  the  distance  (in  meters)  from  the 
stroke  to  the  aircraft. 

The  equation  for  H(w)  is  based  simply  on 
an  infinite  length  line  current  whereby  Ampere's 
Law 


evenly  distributed  around  the  fuselage  (assumed 
cylindrical).  The  model  basically  uses  the 
driving  funrtion  of  equation  4,  and  the  low- 
and  high-frequency  components  of  the  fuselage 
resistance  multiplied  by  a  skin  penetration 
loss  function.  The  model  is  given  for  aluminum 
material  as 


I  -  f  H  •  d«, 

The  equation  for  E  is  broed  on  the  time 
derivative  of  the  magnetic  vector  potential  of 
that  line  current. 

The  E  field  is  based  on  a  moving  return 
stroke  current,  and  is  only  rigorously  correct 
for  vt  <  R,  where  v  =  velocity  of  return 
stroke  =  3  x  lO^Wsec.  For  the  cloud-to- 
ground  stroke  whose  current  rise  time  is 
approximately  4  psec  (i.e.,  approximately  2  x 
time  constant) ,  the  value  of  v  x  4  x  10'6  for 
vt-R»0  is  1.2  km.  Therefore,  the  equation  for 
E  field  in  equation  5  is  valid  fcr  r  >  5  km. 


The  first  term  in  the  brackets  is  the  dc  resist¬ 
ance  per  unit  length,  and  the  second  term  is 
the  skin  effect  resistance  per  unit  length. 

B  ,  0-^ 


B' is  the  skin  penetration  factor. 

Where  a  =  3.7  x  10?  mhos/m 
p  =  4  x  iO'7  ii/M 
t  =  thickness  of  fuselage  wall  (m) 
r  =  mean  ’•adius  of  fuselage  (m) 
f  =  frequency  -  Hz 


CONDITION  C:  WINDSHIELD  POST  MODEL  -  The  model 
for  the  H  field,  due  to  a  line  current  on  the 
surface  of  the  vehicle,  is  general  but  was 
developed  specifically  for  swept  stroke  current 
through  the  windshield  post.  The  model  does 
not  have  any  attenuation  for  skin,  and  if  there 
is  indeed  attenuation,  then  this  factor  must  be 
considered.  Tne  term  "windshield  post"  will  be 
used  for  description,  with  the  understanding 
that  the  model  is  valid  for  any  short  length, 
line  current  (i.e.,  element  length  <  ^  ). 

The  windshield  post  is  considered  an 
elemental  dipole  with  the  current  of  equation  4 
flowing  in  it.  The  H  field  is  then  given  by 
the  equation 


Where  r  is  the  mean  distance  from  the  post  to 
the  point  of  interest  inside  the  aircraft  cock¬ 
pit,  t  is  the  length  of  the  post  and  C  =  3  x 
10s. 

Where  the  point  of  interest  is  wiring,  r 
represents  the  mean  distance,  and  the  angle 
between  the  post  and  the  wiring  is  0°  (worst- 
case)  . 

CONDITION  D:  FUSELAGE  STRIKE  MODEL  -  The  model 
for  condition  D  determines  the  internal  E  field 
due  to  a  surface  flow  on  a  cylinder  of  homo¬ 
geneous  material.  Its  purpose  is  to  determine 
the  voltage  induced  on  wiring  circuits  inside 
the  aircraft  due  to  a  lightning  stroke  current 


CONDITION  E:  WIRE  STRIKE  MODEL  -  This  model  is 
to  determine  the  voltage  and  current  spectral 
density  function  on  a  wire  struck  directly  by 
the  lightning  stroke.  An  example  might  be  a 
lightning  strike  to  a  navigation  light.  The 
purpose  of  modeling  this  circuit  is  to  determine 
the  effect  of  coupling  from  the  struck  circuit 
to  adjacent  aircraft  wiring.  The  series  of 
events  which  occur  in  such  a  strike  is: 

The  initial  current  which  flows  in  the  struck 
circuit  is  the  normal  stroke  current.  After 
some  time,  the  magnitude  of  this  current  times 
the  impedance  of  the  line  will  reach  a  voltage 
breakdown  level ,  either  due  to  the  presence  of 
an  arrester  or  the  breakdown  level  between  the 
wire  and  aircraft  structure.  The  voltage  drops 
to  the  arc -sustaining  level  and,  due  to  the 
low  dynam:c  impedance  of  the  arc,  the  driving 
function  changes  from  a  current  source  to  a 
voltage  source.  The  result  of  these  events 
yield  a  curve  similar  to  Figure  2-1. 

Note  that  the  current  in  zone  1,  i.e.,  prior 
to  breakdown  at  tj ,  is  not  the  exponential  that 
was  used  in  equation  1  for  the  stroke  current. 

If  the  line  length  is  si  art  (not  considered 
in  this  paper),  the  current  sees  the  line 
inductance  and  the  load  resistance.  An 
exponential  rise  has  a  finite  slope  at  t  =  o 
and,  therefore,  the  circuit  voltage  initially 
d. 

is  -L  ,  or  L-A-b.  For  the  parameters  used 
in  equation  2,A  =  2.14  x  10$  and  b  =  0.5  x  10^, 


prawwi 


9 


this  yields  a  voltage  for  a  1  M  line  of 
approximately  V  «  10*6  •  2  x  10s  •  S  x  106  =  106 
at  t  «  o.  Therefore,  the  breakdown  would  occur 
instantaneously.  In  reality,  the  stroke  current 
does  not  start  with  a  finite  slope,  and  there¬ 
fore  a  sin2  function  is  used  to  simulate  the 
beginning  portion  of  the  stroke  as  given  in 
equation  8, 


CURRENT  FOR 
ZONE  I 


■  V  BREAKDOWN  •  \l 


voltage  for 

ZONF  2 


Fig.  2-1  -  Wave  shape  and  time  due  to  driving 
function  impedance. 


rise  time  is  very  short  compared  to  the 
propagation  time,  so  the  wave  front  does  not  see 
the  load  boundary  condition.  Therefore,  the 
wave  looks  into  a  quasi- infinite  line  length 
arid  sees  only  the  characteristic  impedance  of 
the  line.  The  line  length  limitation  is 
reached  when  the  line  length  is  less  than 
approximately  2  vt  where  v  is  the  propagation 
velocity.  When  the  voltage  of  equation  9 
reaches  rhe  breakdown  voltage  Vb,  the  voltage 
drops  to  the  arc  sustaining  voltage  V  rc 
according  to  equation  10.  Nominal  values  of 
Vb  and  Varc  are  V,  *  300  V  -  20  KV  V  «30  V 
to  3  KV,  but  V.  >  Varc. 

When  the  voltage  of  equation  9  reaches  V. , 
the  voltage  falls  as 


V,(t)  =  V,  -  V 


and  the  current  decrease  is 


In  zone  2  of  Figure  2-1  is  shown  the  exponential 
decay  of  voltage  from  breakdown  to  the  arc 
sustaining  voltage.  The  current  of  zone  is 
then  given  by  equation  8;  the  voltage  by  I^t)- 
z0  (i.e.,  equation  9).  The  voltage  for  zone  2 
is  given  by  equation  10,  and  the  current  for 


zone  2  is 


(i.e.,  equation  11). 


I(t)  =  A  sin""  1  *  cos  (8) 

Where  A  is  assumed  equal  to  2  x  105  amps  and  T0 
(the  half  period  cf  an  sin2  function  )  is 
7.4  x  10*”  sec.  The  value?of_T-  is  determined 
from  the  rise  time  of  a  sin*  >p-  function  equal 

o 

to  the  rise  time  of  the  lightning  stroke 
represented  by  I(t)  -  A(c"at  e’bt)  where  ^  = 

4.6rsec,  as  specified  in  Reference  2-1  by 
equation  8. 

(ZA  ,  A 


(zj 

vi  W  •[ -T 


1  -  cos 


where  ZQ  is  the  characteristic  iinpededancv  of 
the  wire. 


The  characteristic  impedance  is  used  in 
lieu  of  the  lumped  inductance  and  resistance 
due  to  the  line  lengths  considered  for  the  B-l 
(i.e. ,  «30m) .  For  this  line  length,  the 
propagation  time  from  wire  entry  to  end  and 
return  is  =  200  nsec.  For  the  breakdown 


levels  anticipated  (i.e.,  300  V  to  10  KV') ,  the 


where  ZQ  is  the  characteristic  impedance  of 
the  wire  circuit  and  y  has  been  identified 
between  1  -  10  nsec  by  Robb  (2-1). 

The  models  for  voltage  and  current  distri¬ 
bution  in  the  frequency  domain  are  given  by 
the  Laplace  transform  of  equations  8  and  10, 
the  voltage  spectrum.  The  transforms  were 
developed  by  the  successive  differentiation 
method  outlined  in  Reference  2-2. 

. .  sV  «2  ♦  I3  ♦  PIl_  . 


SJ  +  PS 


-  V  V 

— 2?  ♦  “££.  3*stl  +  K 
*y  S  1 


and  the  current  spectrum  is 

■  (S2, ,.  SI2  -  I  .  PI,) 

I  («)  - - » - + 

S  +  PS 


1  /Vb  -  Varc  ,  Varc\  -st. 


\  /  11 L  i 

Where  1^  =  y  ( 1  -  cos  — 


.  2A?r2  2  ni 

J3 =  — r  cos  T~ 
o 
o 
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Standard  lightning  stroke 
(Cloud- to- Ground)  (Equation  4) 
ipeak  "  200.000A 


S  -  jw 


y  «  Time  constant  of  fall  time 

v  m  arc  sustaining  voltage 
varc 

Vj,  *  breakdown  voltage 

tA  ■  time  to  voltage  breakdown 

T  *  time  to  crest  of  normal  stroke 
o 

CONCLUSION 

The  models  presented  here  merely  scratch 
the  surface  of  the  effort  required  to  analyze 
the  results  of  lightning  on  the  avionics  and 
other  electrical  and  electronics  circuitry  of 
aircraft.  Much  further  work  is  required  if 
the  lightning  effects  are  to  be  quantitative:! 
evaluated. 
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APPENDIX 

This  appendix  contains  example  computer 
printouts  for  the  models  described  in  the  body 
of  the  report.  The  output  data  contained  in 
this  appendix  used  certain  parameters  for  the 
models  which  may  be  changed  if  different  data 
is  supplied.  The  data  output  is  in  a  form 
which  nry  be  directly  inserted  into  the  S0>!G\F 
program  for  analysis  of  the  effects  of  light¬ 
ning  phenomena. 

Sample  solutions  are  given  for  Lightning 
Models  using  the  parameters  indicated.  Die 
left  colunn  is  frequency  in  Hz,  and  the  right 
column  is  in  db  above  1  ampere,  1  volt,  1 
ampere/metor,  or  1  volt  per  meter  per  Hz  of 
bandwidth.  To  convert  the  levels-,  to  pv,  pa, 
pv/m,  pa/m  per  MHz,  add  240  db. 


Time  Const  (Rise)  ■  2  x  10'® 

Time  Const  (Fall)  ■  77  x  10'®  sec 


RUN 

CURRENT  SPEC  DENSITY  ERC.6  STiiURE 

CURRENT  Art P  BEl'ACLC  r  REUS  ALRHACHl  F REO) 

?  21  4BO,  (  .3E+  4,  SE+5 


F  r£  j 

OBI /HE 

10 

‘  40.059679 

15.343932 

40.059526 

25. 1 IB36 A 

40.059141 

39.313717 

40.053173 

63*095734 

40.055745 

100 

40.049651 

153 .43932 

40.03438 

251.13364 

39  .996257 

398 .10717 

39 .901945 

630 .9  57  34 

39.673689 

1000 

39 . 1 43 135 

1  S84.8932 

38.054529 

851 1 .8364 

36.124232 

3981.0717 

33.389239 

6309.5734 

29 .903835 

10000 

26.129253 

15343 .932 

22.13722 

251 13.364 

17  .937965 

39310.7 17 

13.39355 

63095  .734 

8.2581627 

100000 

2.2655466 

153 4S9.32 

-4.5783713 

251  13 3. 6  4 

-12.016401 

393 107 . 17 

-  19.770774 

630957.34 

-27  .663992 

1000000  .  •  * 

-35.6273 

1534393.2 

-43.611292 

251  1336.4 

-51 .604702 

3931071 .7 

-59.692076 

6309573.4 

-67.60103 

10000000 

-75.600614 

15343932 

-83.60044:> 

251 13364 

-9  1  .600332 

393107 1 7 

-99.600356 

63095734 

-107.60035 

.  >E*09 

-  1  15. 60034 

.  I5348932E+09 

-  123.60034 

•251 1 3364E+09 

-131.60034 

•3931071 7E+09 

-  139 .60034 

•  6309  57  3  4E*09 

-  147.60034 

•  1E»  1  0 

-155.60034 

•  1  SB  439  32E* 1 0 

-  163.60034 

.9511  “964*:*  1  0 

-171. 40034 

.3981  >7|  7 ->!'.• 

-I7.'.  -  O?.- 

.63-39S73rt->  10 

-  127  .  -00.' 

. IE+  1  1 

-  195.60034 

4 
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Distant  lightning  strike 
E  and  H  Fields  (Equation  5) 
Distance  to  Strike  S  tan 
-  200.000A 

lonst  (Rise)  ■  2  psec 
Time  Const  (Fall  ■  77  psec 

NUN 

input  amp*  feta* alpha 

T  2  I 4E*3» I .3£* 4» 8E*5 
Hl£  FLOS  01  ST  S1KUE 


Jpeak 
Time  i 


Strike  to  Windshield  Post 
(Swept  Stroke)  (Equation  6) 

H  fields  in  cockpit  area  with  no  windshield 
attenuation. 

Ipeak  "  200,000A 
Time  Const  (Rise)  ■  2  psec 
Time  Const  (Fall)  ■  77  psec 
Distance  from  Post  to  wiring  -  lm 
Length  of  Post  ■  lm 


?  500ft 
"KEQ 

DOE /HZ 

DOH/H; : 

10 

1 .6433039 

-49 .333318 

15.943932 

1 .6431506 

-  49 . 3  3 .7  47  2 

25.1 13S6fl 

1 .6427656 

-49  .033157 

39.8107  1  7 

1  .641  79.3  3 

-49  .33  4.324 

63.075734 

1 .6393697 

-49  .337253 

100 

1 .6332755 

-49 .893347 

158.43932 

I  .6130049 

-49.903617 

251 .13864 

1 . 57933 t 8 

-49 .946741 

398.10717 

1 .4355695 

-50.041053 

630.95734 

1 .257314 

-50.269303 

1000 

. 7318 1003E+C0 

-50.794812 

1 584.39  32 

-  .36I84579E+00 

-51 .833468 

251 1 .8364 

-2.292143 

-53.8 13765 

398 1.0717 

-5.0370365 

-56.613709 

6307.5734 

-3.5030903 

-60.0347 13 

10000 

-  12.237 122 

-63.813745 

15848.932 

-  16.279 155 

-67.305778 

251 13*364 

-20.47341 

-72.005032 

398 10.7  1  7 

-25.0171326 

-76.544443 

63095.734 

-30.163212 

-31 .634335 

100000 

-36.1 50323 

•87.677451 

158459.32 

-42.994746 

-94.521369 

2  S 1 183.64 

-50.432/76 

-  101  .9594 

3981C7. | 7 

-58. 187149 

-  109  .7  1377 

630957.34 

-66.035367 

-  117 .6  i  199 

1000000 

-74.044175 

-  125-5708 

1 584393.  i 

-82.027667 

-133.55429 

251 1386.. 

-90.021077 

-141 .5477 

3981071 .1 

-98.018451 

-149.54507 

6309573.4 

-  106.01741 

-  157.54403 

10000000 

-  1  <4.01699 

-165.54361 

15348932 

-  122.01  432 

-  173.54345 

251 13864 

-  130.0)676 

-  18 1  .54333 

39310717 

-  138.01673 

-  189  .54335 

63095734 

-146.01672 

-197.54334 

. 1E+09 

-  154.01 672 

-205.54334 

. IS848932E*09 

-162.01671 

-213.54334 

.25  1  HS64E  +  09 

-  170.01671 

-221 .54334 

•  393107  1  7E+09 

-  1  73.01  67 1 

-229.54334 

.6309S734E+09 

-  186.01671 

-837 .54334 

. IE*  1  0 

-  194.01671 

-245.54334 

•  1 53489  32E+ 1 0 

-202.0167  I 

-2S3. 54334 

.2611  H; 

-  '■»  1 0 .  <■*  I  7  1 

-•-IS!  .-..•334 

.37  5  1  H  1 7E+  n 

-21.-:.  01471 

>34 

.  o3 09  b 7. 34 8* 1 0 

-226.01671 

-277 .3-1)34 

IE*U 

•234.01671 

•285 .54334 

NUN 


CUrtrtENT  AMP*  BETACLO  FREO)  ALPHACHt 

7  2I4E+3. 1 •  3E+  4 

.  5E*5 

H  FLD  FKN  WNDSHLD  PCST-DOI /,-i/HZ 
DISTANCE  TO  WINES  LENGTH  CF  POST 

7  1,  1 

FREQ 

H  FLD  DQI/V1/HZ 

10 

18 .075434 

1 5.848932 

18.075331 

25.1 18364 

18.074948 

39 .810717 

18.073983 

63.095734 

18.071559 

100 

18.06547 1 

1  SB . 48932 

13.050212 

251 .18364 

18.012105 

398.107 1 7 

17.91782 

630.95734 

17.639607 

1000 

17.16417 

1 584.3932 

16.07062 

251 1 .3364 

14. 140492 

393 1.0717 

1  1 .345315 

6309.5734 

7  .9252346 

10000 

4.  1463734 

1 5848 .932 

.  13590382E+00 

251 18 .864 

•4.04 1 6659 

39810.717 

•8.5784122 

63095.734 

•13.71457 

100000 

•  19.700487 

158489 .32 

■26.533799 

251 183.64 

-33  .955046 

398107.17 

-41  .682825 

630957.34 

•49.539217 

1000000 

-57  .432049 

158^893.2 

-65.31 1994 

251 1336.4 

-73.143779 

398107 1 . 7 

-  SO • H9 1 00  I 

6309573.4 

-88-507632 

10000000 

-95.93339 

1534S932 

-  103.09  605 

25118364 

-109.9)45 

393 107 1 7 

-  1  16.31 ?a5 

63095734 

-  122.27177 

. 12*09 

-  127.776 

. 1 58  4H932E+09 

-  1*32 .3  79  47 

.25 I 1 H3  6  4 £+09 

-  137.65553 

.3931071 7E+U9 

-140. 1 3345 

.630957342*09 

-  146. 5333  S 

« IE*  1 0 

-150.76244 

. 15843932E+ 10 

-154.90983 

.251 1 "3442+ 10 

- 1  S\>  <  -T  o  a  i  n 

.393107 1 72* 10 

-  1  6  3.. ■'■•41  4 

•  6  309  b  7  34E* 10 

-167.  1022b 

. 1 E+  1  1 

-  171 . 12637 
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Strike  to  Fuselage  (Equation  7) 
fpeak  *  200.000A 
Time  Const  (Rise)  ■  2  nsec 
Time  Const  (Fall)  ■  77  nsec 
Fuselage  radius  -  3m 
Conductivity  3.7  x  10  mho/m 

f.  L  JAK.:'  JiTLHT,  P 
END  LOA<) 

S  ,<UN 

CJ'WE.Vr  A.NP,  BETA  <UC  FkKO),  ALPHA  fHI  FREO) 
?  2iae*3»  i  .3S*.i» i * ti 
KADI  US.  TH I CHNE5S,  C INDUCT I V I  TV 
?  3. IE-3. 3.7E*7 

FHEO  .E  I, NT  DCX/HZ  S< I N  PEN  L’SS 


10 

-76.772476 

-.33196709-1*00 

15.343932 

-76.775375 

- .417921812*  00 

aS.  1  18364 

-76.73033S 

-•5261 3939  £*00 

39.310717 

-76.783802 

-. 662361  43F.*00 

63.095734 

-76.30333S 

- .333363642*00 

too 

-76.82374 

-  1  .0497721 

1  S3 .439  32 

-76. 87 44 5S 

-  1 .32153  43 

251 .13364 

-76.960209 

-  1 .6637767 

393 . 107  1  7 

-77.1231 1 1 

-2.09 45703 

630.95734 

-77.468942 

-2.6369034 

IOOO 

-78.1 64756 

-3.3196709 

1584.8932 

-79.513043 

-4.1792131 

251 1 .8354 

-81  .319312 

-5.2613234 

3931.07 l 7 

-85.162153 

-6.6236143 

6309.5734 

-89.370829 

-8 .3386364 

10000 

-94.266747 

-10.497721 

158  48.9  32 

-99 .320962 

-  13.215343 

251 18.364 

-106.17643 

-16.637767 

39310.7  1  7 

-  1 13.6543 

-20.945708 

63095.734 

-  122.75466 

-26.369034 

IOOOOO 

- 134.0256S 

-33. 196709 

153439.3? 

-  147.34053 

-41 .792131 

251 | S3. 6. 

-  164.4094 

-52.6 13239 

393107.17 

-  1  •••4,041.3 

-66.236  1  -'I 

633957.3/ 

- >07 .29795 

-33 . 336  36/ 

I  OOOOOO 

-235.01621 

-  104.97721 

1 584393.; 

-263.31726 

-132.15341 

251 1336./ 

-303.63967 

-166.37757 

3931071 .7 

-357.10443 

-209 .4570.1 

6309573./ 

-418.10312 

-263.69034 

10000000 

-492.44055 

-331 .96709 

15343933 

-584.44032 

-417.92171 

2S1 18364 

-  49-i  .63692 

-526.13239 

393107  1  7 

-340.94471 

-662.36143 

63095734 

-  1013 .4698 

-833.36364 

. 1  E*09 

-  1240.3966 

-  1049.7781 

.15343932^*09 

-3 5 13 .2233 

*1381 .5343 

•  2511  3  }  -•,/!->(. '9 

-  1  :/5 . 1  70  4 

-  1 643.58? 1 

.39  « 107  t  7“*0? 

-  1  •.  18.659  7 

*  1  10 

•  6.509  S7  3  4E*  09 

-1 394.667 

-  1610 

. IE*  1 0 

-  14  00.6723 

-1680 

.  158439  3  ■>!■>  10 

-  1  ?A6 .6774 

-14  30 

•  1  1  /  8  •'  !  0 

-  1  ->!•••./.'.  1  | 

•  1  '  *  “3 

■  A  ■'  1  7  1  >1 

-  !  •!•■*'•  .. 

.  .  , 

•Vj;/-,7\  „*10 

-  1  /  4  •  ’•  3 

- 1 ;  / 

IE*  1 1 

-  1930.6382 

-1680  _ _ 

Strike  to  Wire  (Equations  12  5  13) 
^breakdown  *  ’000  V 
Varc  sustaining  -  30  V 
Time  to  breakdown  -  20  nsec 
Char  Z  of  wire  *  200»1 
Fall  time  constant  -  5  nsec 

STRIKE  T0  WIRE  ENTRY 


FREQ 

OBI /HZ 

DBV/HZ 

10 

-30.538959 

15.481641 

15.848932 

-31.269195 

14.751405 

25.118864 

-31 .597908 

14.422691 

39.81071? 

-31.736024 

14.284576 

63.095734 

-31.792254 

14.228345 

too 

-31.814842 

14.205758 

158.48932 

-31.823861 

14.196739 

251.18864/ 

-31.827441 

14.193159 

398.10717 

-31.82883 

14. 19177 

630.95734 

-31.829266 

14.191313 

1000 

-31.829228 

14.191372 
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LIGHTNING  AND  ELECTROMAGNETIC  COMPATIBILITY 
ANALYSES  CONSIDERATIONS 

J.  A.  Plumer 

BECAUSE  AVIONICS  COMPONENTS  are  usually  local¬ 
ized  and  enclosed  in  metal  cases  which  afford 
substantial  electromagnetic  shielding, 
relatively  little  of  the  lightning  electromag¬ 
netic  field  can  link  sensitive  components  with¬ 
in  these  enclosures,  and  that  which  does  is 
probably  sufficiently  attenuated  to  be  of 
little  consequence.  Instead,  the  most  signifi¬ 
cant  interference  is  first  coupled  into  inter¬ 
connecting  electrical  wiring  in  the  form  of 
transient  overvoltages.  This  wiring  is 
unshielded  and  extends  for  substantial  dis¬ 
tances  inside  the  airframe.  The  first  step  in 
the  lightning  analysis  task  is  therefore  to 
determine  the  amplitude  and  pulse  waveshape  of 
such  voltages,  because  these  define  voltages 
to  which  the  connected  avionics  components  will 
be  subjected.  There  are  two  basic  mechanisms 
by  which  lightning  can  couple  voltages  into 
aircraft  electrical  wiring.  There  are  com¬ 
monly  referred  to  as  directly  coupled  voltages 
and  induced  voltages.  Using  a  hypothetical 
electrical  wirp  in  an  aircraft  wing,  these  two 
mechanisms  are  now  described. 

DIRECTLY  COUPLED  VOLTAGES  -  Prior  to  ac¬ 
tual  attachment  to  the  aircraft,  an  oncoming 
lightning  flash  (stepped  leader)  will  induce 
corona  and  streamers  from  surfaces  or  append¬ 
ages  on  the  aircraft  where  the  electric  field 
gradient  is  gTeat  enough.  Subsequently,  when 
the  electric  field  strength  around  protruding 
objects  reaches  5,000  volts  per  centimeter 
(3-1)*  a  breakdown  will  commence  usually  to  the 
point  on  the  aircraft  where  the  field  gradient 
is  most  severe.  If  this  point  happens  to  be  an 
electrically  operated  object,  such  as  a  wing- 
tip  position  lamp,  antenna,  or  stall -warning 
sensor- switch,  for  example,  connected  to  power 
distribution  circuits  or  avionics  components 
by  aircraft  electrical  wiring,  the  possibility 
exists  for  damaging  amounts  of  voltage  and/or 
current  to  be  conducted  to  such  components  by 
the  interconnecting  circuitry. 

Considering  a  dome  lamp,  for  example,  it 
is  possible  that  an  oncoming  flash  may  frac¬ 
ture  the  globe  and  bulb  glass  as  shown  in 
Figure  3-1.  Such  fractures  are  a  common  result 
of  lightning  strikes  and  may  occur  from  dielec¬ 
tric  puncture  or  the  stroke  current  blast 
forces . 


^Numbers  in  parentheses  designate  References 
at  end  of  this  part  of  the  paper. 


Fig.  3-1  -  Lightning  flash  to  dome  lamp. 

Subsequent  attachment  of  the  flash  to  the 
bulb  filament  and  lamp  socket  assembly  will  pro¬ 
vide  paths  for  most  of  the  lightning  current  to 
flow  to  the  airframe;  however,  it  is  apparent 
that  some  portion  of  this  current  could  flow 
along  the  lamp  power  circuit  to  the  cockpit  area. 
This  conducted  current  will  have  a  waveshape 
similar  to  that  of  the  natural  lightning  current 
itself,  and  be  limited  by  the  impedance  of  the 
lamp  circuit  as  compared  with  the  much  lower 
impedance  of  the  surrounding  metal  airframe. 

Even  a  small  percentage  of  a  100,000-ampere 
lightning  stroke  current  could  far  surpass  the 
current,  handling  capability  of  the  lamp  circuit, 
and  damage  various  components  associated  with 
the  power  control  and  distribution  circuitry, 
however.  Exploding  wires,  insulation  fires,  and 
circuit  breaker  trip-outs  have  been  reported  as 
a  result  of  this. 

Coincident  with  this  conducted  current 
will  be  a  conducted  voltage  pulse,  traveling 
down  the  wire  from  the  lamp  socket.  Assuming 
that  the  lamp  filament  is  destroyed  when  the 
glass  is  fractured,  this  voltage  will  be  limited 
initially  by  the  breakdown  voltage  level  across 
the  terminals  of  the  lamp  or  socket  (whichever 
is  less)  and  later  by  the  stroke  current  arc 
voltage  di op  as  an  arc  forms  across  the  socket 
elements.  Typically,  the  impulse  voltage  break¬ 
down  levels  of  such  components,  which  are  deter¬ 
mined  from  a  simple  test,  range  between  2  KV 
and  10  KV.  The  breakdown  voltage  limits  the 
amplitude  of  the  voltage  pulse  which  will  propa¬ 
gate  into  the  lamp  circuit.  The  waveshape  of 
this  voltage  pulse  approximates  the  waveshape 
of  the  electric  field  applied  by  the  oncoming 
lightning  flash.  After  arc -contact  with  the 
lamp  and  flashover  across  the  broken  filament 
terminals,  the  voltage  entering  the  circuit  is 
further  limited  to  the  arc  drop,  if  an  arc  is 
maintained  across  the  broken  bulb  terminal  for 
time  duration  of  the  flash.  Arc  drops  are  of 
the  order  of  several  hundred  volts  or  less. 
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Being  a  very  low  impedance  voltage  source, 
however,  a  large  percentage  of  this  arc  volt¬ 
age  will  develop  across  loads  at  the  cockpit 
end  r f  the  circuit  with  attendant  current  flow 
thereto.  The  results  can  be  damaging. 

Protection  from  such  damage  can  be  accom¬ 
plished  by  applying  lightning  diverters  at  the 
lamp  to  prevent  stroke  attachment'--  and  the  sub¬ 
sequent  events  just  described.  If,  due  to 
other  requirements,  an  effective  diverter  sys¬ 
tem  cannot  be  used,  the  lamp  assembl>  itself 
may  be  left  vulnerable  and  a  suitable  surye 
protector  applied  to  the  aircraft  circuit  at 
the  lamp  terminals.  Such  a  protector  has  the 
following  two  functions: 

1.  Limit  the  lightning  surge  voltage 
entering  the  circuit  to  an  acceptable  amplitude 

2.  Conduct  the  ensuing  lightning  current 
(or  the  portion  thereof  which  would  enter  the 
lamp  circuit)  safely  to  the  airframe 

The  surge  protector  is  shown  applied  to 
the  lamp  terminals  on  Figure  3-2. 


Fig.  3-2  -  Surge  protector  installed  on  lamp 
circuit. 

A  variety  of  such  protectors  are  avail¬ 
able.  They  must  be  able  to  absorb  energy  as 
well  as  limit  the  surge  voltage  and  safely  con¬ 
duct  possible  portions  of  the  lightning  current. 
The  following  information  must  be  obtained  be¬ 
fore  an  appropriate  protector  can  be  specified: 

1.  Physical  characteristics  of  the  sus¬ 
ceptible  component  (i.e.  lamp,  antenna,  etc) 

2.  Breakdown  voltage  of  the  susceptible 
component 

3.  Current-carrying  capability  of  the 
associated  aircraft  electrical  circuitry 

4.  Maximum  surge  voltage  and  current 
withstand  levels  of  other  equipment  to  which 
the  circuit  is  connected 

If  other  components,  such  as  switches, 
terminal  boards,  feed-through  bushings,  or  con¬ 
necters  are  included  in  the  circuit (s)  to  the 


susceptible  componets  previously  mentioned; 
they  may  also  affect  the  way  surge  voltages  and 
current  flow  in  the  system.  Thus,  the  afore¬ 
mentioned  cliaracteristics  of  these  components 
3u5t  also  be  known  and  factored  into  the  fore¬ 
going  analysis  in  order  to  design  an  effective, 
properly  coordinated  protection  scheme. 

INDUCED  VOLTAjjES  -  The  other  meclianism  by 
which  lightning  can  affect  aircraft  electrical 
and  avionics  systems  is  in  the  generation  of 
magnetically  induced  and  resistive  voltage 
rises  within  aircraft  electrical  circuitry. 

These  voltages  may  or  may  not  be  harmful  to  the 
circuits  themselves,  as  well  as  the  avionics 
equipment  to  which  these  circuits  are  ccnr.ected. 
Even  if  the  aircraft  has  an  electrically  con¬ 
tinuous  metallic  skin,  its  noncylindrical  geo¬ 
metry  will  enable  some  magnetic  flux  to  be 
present  within  the  wing  and  fuselage,  even  if 
all  of  the  lightning  current  were  to  flow 
through  the  skin  only.  This  magnetic  flux  will 
link  electri-al  circuits  within  these  enclosures, 
causing  induced  voltages.  Similarly,  the  finite 
resistivity  of  the  metallic  skin  will  permit 
resistive  voltage  rises  within  the  skin  (or 
structure)  along  the  path  of  lightning  current 
flow.  If  an  aircraft  electrical  circuit 
happens  to  employ  the  stricture  as  return  path, 
then  this  resistive  voltage  enters  this  circuit, 
in-series  with  the  magnetically  induced  voltage 
in  the  same  circuit,  and  any  other  (no real) 
steady-state  voltages  present.  Capacitively 
coupled  voltages  may  also  be  produced  in  these 
circuits;  however,  the  essentially  uniform  con¬ 
ducting  skin  of  metallic  aircraft  keeps  potential 
differences  among  structural  elements  low, 
thereby  limiting  the  voltages  which  can  be 
electrostatically  coupled  to  interior  electrical 
circuits.  In  practice,  experimental  measure¬ 
ments  have  shown  magnetic  and  resistive  com¬ 
ponents  to  be  the  most  predominant. 

The  combination  of  these  components  is 
expressible  as  a  function  of  the  lightning 
current  itself,  as  follows  (3-2): 


2oc  =  Rs 


CD 


where: 

e  =  induced  voltage  appearing  across  open 
circuit  terminals 

Rj,  *>  the  effective  structural  resistance 

M  =*  an  effective  transfer  inductance  between 
the  lightning  current  and  the  particular 
electrical  circuit 
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i  (t)  °  lightning  current  (a  time-varying  func- 
L  tion) 


a  «  the  reciprocal  of  the  time  constant  of 
cunent  penetration  into  the  aircraft 
skin 

Because  the  induced  voltages  are  dependent 
upon  the  lightning  current,  they  vary  consider¬ 
ably  in  amplitude  and  wave  shape  according  to 
the  lightning  current  parameters  of  wave 
shape  and  amp] itude .  Induced  voltages  are  also 
dependent  upon  the  characteristics  of  the  cir¬ 
cuit  in  which  they  are  measured,  and  the  loca¬ 
tion  at  which  the  lightning  stroke  attaches  to 
the  aircraft.  From  equation  1,  it  is  evident 
that  .if  the  coupling  factors,  R  and  M,  fc;  a 
particular  circuit  within  an  airframe  are  known, 
the  voltage  eQC  in  the  circuit  can  he  calcu¬ 
lated  for  any  assured  lightning  current  wave¬ 
form,  iL(t). 

Due  to  the  fast  rise  and  decay  and  short 
time  duration  of  most  lightning  .stroke  cur¬ 
rents,  nearly  all  of  this  current  will  flow  in 
the  outer  skins  of  metallic  airframes  rather 
than  through  internal  spars  and  ribs,  etc. 
Assuming  that  this  is  so,  and  also  that  the 
current  flows  uniformly  in  a  lineal  direction 
through  a  structure,  its  skin  can  be  repre¬ 
sented  by  a  very  large  number,  n,  of  infi-- 
itely  small  parallel  current  filaments  Using 
a  wing  of  an  aircraft  as  an  example,  this  re¬ 
presentation  would  be  as  shown  in  Figure  3-3. 

Assuming  tiiat  the  wing  circuit  pictured 
in  Figure  3-3  is  "grounded"  to  the  airframe  at 
the  outboard  end  of  the  wing,  the  voltage  ap¬ 
pearing  between  the  inboard  end  of  the  con¬ 
ductor  and  the  inboard  airframe  is  equal  to 
the  line  integral  of  voltage  induced  around  a 
plane  such  as  ABCD  in  Figure  3-3.  If  it  is  as¬ 
sumed  that  all  points  on  the  inboard  chord  of 
the  wing  are  at  the  same  potential,  then  any 
plane  passing  through  conductor  AB  and  inter¬ 
secting  a  surface  of  the  wing  can  be  selected 
to  perform  this  integration,  with  the  same 
result. 


Fig.  3-3  -  Electrical  reoresentation  of  wing. 


By  Faraday's  Law  (3-3)  the  voltage  magnet¬ 
ically  induced  along  path  ABCD  is  equal  to  the 
rate  of  change  of  magnetic  flux  within  the 
loop  formed  by  this  path,  as  follows: 


e 


m 


c<0 

-at 


(2) 


If  lightning  current  flows  on  the  wing 
skin  and  the  skin  has  a  finite  resistance, 
then  a  resistive  vol cage  drop  will  appear 
along  CD  and  con,v±bute  to  the  total  voltage 
along  path  ABCD.  If  i^  represents  the  entire 
lightning  current,  presumed  to  be  equally  dis¬ 
tributed  among  all  filaments,  then  the  resis¬ 
tive  voltage  drop  included  along  path  CD  is 
given  by: 


In  equation  3,  is  the  resistance  of  one 
current  filament,  equal  to  n  times  the  total 
wing  skin  resistance,  outboard  to  inboard. 

The  magnetically  induced  voltage  is  equal 
to  time  rate  of  decrease  of  the  total  magnetic 
flux  linking  the  circuit.  This  is  expressed 
as: 


where  e  =  (4) 

m  -dt 

e  =  total  EMF  (volts) 

<p  =  total  flux  (webers) 
t  =  time  (secj 

If  the  voltage  around  the  inboard  circum¬ 
ference  of  the  wing  in  Figure  3-3  is  assumed 
to  be  the  same  at  all  points,  the  voltage 
between  tue  circuit  conductor  at  A  and  the  in¬ 
board  circumference  will  also  be  the  same  at 
any  point.  Thus,  the  magnetic  flux  lines 
linking  all  planes  defined  by  the  particular 
wing  circuit  conductor  (AB)  and  any  longitu¬ 
dinal  wing  intersect  will  be  equal.  For  pur¬ 
poses  of  calculation,  it  is  convenient  to 
choose  a  plan  along  the  axis  of  symmetry  (if 
available) . 

The  portion  of  the  magnetic  flux  genera¬ 
ted  by  each  of  the  skin  current  filaments  pass¬ 
ing  through  the  plane  ABCD  must  be  determined 
and  the  total  summarized  in  ord.-r  to  determine 
the  magnetically  induced  voltage,  as  de¬ 
fined  in  equation  4. 

The  magnetic  flux  density  produced  at 
some  point,  p,  with  respect  to  a  current  fila¬ 
ment  is  defined  by  the  Biot-Savart  Law  (3-4) 
as: 
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ries  and  circuit  conductor  positions,  a  com- 
puter  program  (WING)  in  BASIC  language  for  use 
on  the  General  Electric  time-sharing  computer 
system,  has  been  written.  This  program  also 
calculates  the  resistive  transfer  function,  Rg 
based  on  skin  dimensions  and  resistivity.  The 
values  of  M  for  conductors  placed  at  various 
locations  in  the  plane  of  symmetry  for  one 
basic  wing  outline  arc  shown  in  Figure  3-4. 


where:  B=£^/5i£2dl 

An1  r4 

B  =  magnetic  flux  density 
(weber „  per  meter2) 
l,r  =  dimensions  in  meters 
u  =  permeability  of  the  medium 
(for  air  =  4  x  10"'  henries 
per  nieter) 

The  total  flux,  n,  passing  through  a 
given  area  is  equal  to  the  product  of  the 
area  and  the  component  of  B  normal  to  it. 
Thus, 

<Pn  B  •  ds 


where:  v  =  magnetic  flux  (webers)  contrib- 

n  uted  by  each  skin  current  fila¬ 
ment 


In  the  wing  circuit  problem,  the  flux 
density,  B;  murt  be  determined  as  a  function 
of  the  current  in  and  applicable  geometry  for 
each  current  filament  along  the  wing  skin,  and 
integrated  over  the  surface  area  defined  by 
the  plane  ABCP,  in  accordance  with  equation  6. 

Since  the  assumption  has  been  made,  for 
the  present,  that  the  total  lightning  current, 
i^,  is  evenly  distributed  among  the  r.  skin 
current  filaments,  the  voltage  em  can  be 
written: 


n=n  .  di,  n=n 

em  =  " 1 ,  *$■ 3  *ar 1  .  ‘Hi 

n=l  n=l 


where  M  is  expressed  in  henries  and  i^  in 
amperes.  Since  e  is  related  to 

diL 

by  the  function, 
n=n 

-  -  ,  Hi  -  M  < 

n-1 

M  operates  as  a  transfer  function  expressing 
the  magnetic  induced  voltage  in  teims  of  the 
skin  (lightning)  current. 

To  calculate  M  for  various  wing  geomet- 
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Fig.  3-4  -  B  and  M  versus  conductor  location. 

The  wing  in  Figure  3-4  is  16  meters  long, 
and  the  conductor  AB  traverses  its  entire 
length. 

Figure  3-4  illustrates  that  M  and  thus,  by 
equation  8,  the  magnetically  induced  voltage 
between  conductor  AB  and  the  airframe  will  be 
a  maximum  for  a  conductor  210  centimeters  aft 
of  the  leading  edge.  Conductors  placed  in  the 
leading  edge  will  receive  relatively  less  volt¬ 
age.  It  should  be  remembered  that  this  applies 
for  circuits  using  the  airframe  as  return  only. 
If  it  is  desired  to  find  the  voltage  induced 
in  a  circuit  having  a  separate  return  conductor, 
then  the  effective  coupling  factor  M  for  this 
case  must  be  determined  by  integrating  equation 
6  over  the  plane  defined  by  the  circuit  loop 
itself.  For  this  purpose,  the  program  WING 
also  calculates  the  flux  density  per  ampere  of 
lightning  current,  B,  at  each  conductor  location 
of  interest.  This  information  is  also  plotted 
in  Figure  3-4.  From  this,  it  is  evident  that  B 
is  greatest  at  the  leading  and  trailing  edges  of 
the  wing,  and  minimal  at  the  point  where  a  con¬ 
ductor  and  the  airframe  return  will  link  the 
most  flux.  Hence,  a  designer  would  place 
parallel -pair  or  twisted-pair  circuits  toward 
the  center  of  the  wing  to  minimize  lightning- 
induced  voltages. 

The  resistive  voltage  coupled  to  the  cir¬ 
cuit,  of  course,  would  be  the  same  regardless 
of  location  for  all  circuits  using  the  air¬ 
frame  as  return,  but  would  be  much  less  for 
separate -return  circuits. 

Once  obtained  for  any  circuit  of  interest, 
the  transfer  functions  Rg  and  M  can  be  inserted 
in  equation  1  to  obtain  the  amplitude  and  wave- 
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shape  of  the  conflate  lightning- induced  voltage 
in  any  circuit  of  interest,  as  a  function  of 
any  assumed  lightning  stroke  current  character¬ 
istics.  Another  computer  program  (ETCAL)  also 
in  BASIC  is  available  for  this  purpose  (3-2) . 
Using  a  conductor  located  10  centimeters  aft  of 
the  leading  edge  skin  of  the  wing  of  Figure  3-4, 
as  an  example,  WING  calculates  transfer  functions 
of 

Rs  *  37  microhms 
M  =  0.66  microhenries 

and  ETCAL  calculates  an  induced  voltage  peaking 
at  800  volts.  The  corrolete  induced-voltage 
waveshaoe  is  shown  in  Figure  3-5.  This  informa¬ 
tion  (together  with  that  obtained  from  the  direct 
direct -coupled  analysis)  establishes  the 
susceptibility  of  connected  avionics  or  electric 
power  control  circuitry  to  lightning  in  hiced 
voltages.  From  here,  the  lightning  BSC  study 
can  proceed  to  analysis  of  component 
vulnerability  to  these  voltages  and  the  need  for 
additional  protective  measures . 


CONCLUSION 

In  the  foregoing  induced-voltage  analysis, 
the  assumption  was  made  that  lightning  current 
is  evenly  distributed  across  the  wing  surface. 

In  actuality,  this  is  not  so,  as  the  resulting 
magnetic  forces  act  to  concentrate  current  in 
the  leading  and  trailing  edges.  Recent  skin 
current  density  measurements  were  made  by  the 
General  Electric  High  Voltage  Laboratory  of 
currents  traveling  from  the  fuselage  to  an 
attachment  point  near  the  trailing  edge  position 
lamp  at  the  tip  of  a  fighter  aircraft  wing. 
Preliminary  analysis  of  this  data  shows  the 
current  density  to  be  at  least  twice  as  great 
at  the  edges  as  compared  with  the  midchord 
region.  For  a  conventionally  bonded  metallic 
aircraft,  skin  effect  assure^  that  most  of  the 
current  clous  indeed  flow  through  the  skins. 
Nevertheless,  the  effects  of  direct  flux 
penetration  through  nenmetallic  skin  elements 
and  joints,  and  the  presence  of  ribs,  spars,  and 
independent  circuit  shields  will  cause  the 
actual  voltage  to  differ  somehwat  from  those 
calculated  by  the  foregoing  analysis.  Tne  pro¬ 
gram  WING  can  be  modified  to  accomodate  many 
of  these  factors  in  a  straightforward  manner. 

In  addition  to  enabling  designers  to  evaluate 
the  susceptibility  of  aircraft  electrical 
circuits  to  lightning  while  still  on  the 
drawing  board,  the  analysis  is  further  evi¬ 
dence  that  lightning  effects  are  not  a 
mysterious  phenomena  but  conform,  as  with  all 
other  electrical  processes,  to  the  established 
basic  laws  of  electricity  and  magnetism. 


e  (t) 
oc 


0  20  AC  60  80 

(psec) 

Fig.  3-5  -  Voltage  induced  in  conductor  AB 
of  Fig.  3-3,  located  10  cm  aft 
of  leading  edge,  by  200,000 
ampere  MIL-B-5087B  lightning 
current  flowing  uniformly  through 
wing  skin. 
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Control  Surface  and  Door  Hinge  Bonding 
Effective  nee  a  In  Modern  Aircraft 


James  R.  Stahmann 

Lightning  tt  Tranaienta  Reaearc.i  Institute 
ABSTRACT 

The  practice  of  Indiscriminately  placing 
bond  strap*  across  most  control  surface  and 
door  hinge  bearings  for  lightning  protection, 
without  first  establishing  their  necessity  for 
safety  or  noise  reduction,  is  being  challenged. 
Because  of  the  high  cost  of  replacing  bonds, 
broken  by  flexing  in  flight,  an  airline  can 
realize  substantial  savings  by  close  examina¬ 
tion  of  bonds  in  questionable  locations.  Bond¬ 
ing  specifications  are  necessarily  generalized 
to  apply  to  all  aerospace  systems.  By  direct¬ 
ing  attention  to  specific  hinges  on  doors  and 
control  surfaces,  advantage  can  be  taken  of 
the  inherent  bonding  as,  for  example,  the  self- 
bonding  inherent  in  a  piano  type  hinge  recog¬ 
nized  in  M1L-B-5087B.  Low  impedance  par¬ 
allel  paths,  pros'ided  by  control  actuators  and 
other  connections  to  main  structure,  are  often 
effective  in  sharing  the  lightning  current  and 
in  preventing  noise  from  static  charging.  All 
significant  factors  should  be  considered  for 
proper  evaluation.  Bonding  effectiveness  can 
be  determined  by  checks  with  simulated  light¬ 
ning,  using  full  scale  aircraft  sections. 

BONDING  jumpers,  used  ostensibly  to  conduct 
lightning  currents  across  hinges  without  dam¬ 
aging  the  bearings  or  to  prevent  noise  during 
the  discharge  of  charged  surfaces,  are  being 
reexamined  to  determine  whether  or  not  they 
still  perform  their  intended  function  on  mod¬ 
ern  aircraft.  Available  specifications,  such 
as  the  military  MIL-B-5087B,  necessarily 
apply  to  a  wide  spectrum  of  aerospace  sys¬ 
tems.  Where  bonding  maintenance  becomes 
costly  and  where  safety  is  not  jeopardized, 
an  airline  can  expect  significant  savings,  in 
one  case  in  excess  cf  $75,  000/year ,  by  care¬ 
fully  reexamining  the  need  for  bonds  in  spe¬ 
cific  questionable  locations.  Many  bonds  have 
had  a  high  failure  rate  due  to  flexing  in  flight. 
In  certain  instances  bond  removal  could  im¬ 
prove  safety  as,  for  example,  where  a  bond 
could  be  blown  loose  from  one  or  both  of  its 
lugs  by  the  lightning  discharge.  The  confu¬ 
sion  that  exists  <n  the  area  of  bonding  require¬ 
ments  is  illustrated  by  the  fact  that  one  manu¬ 
facturer  uses  almost  ten  times  the  number  of 
bonds  found  necessary  by  another  manufactur¬ 


er  of  a  similar  aircraft. 

Advantage  can  be  taken  of  the  inherent 
bonding  across  the  hinge  as,  for  example, 
the  self-bonding  property  of  piano-type  hinges 
Bearing  size  and  location,  parallel  paths, 
bearing  inductance  and  conductivity  relative 
to  the  bond  strap,  type  of  lightning  contact  to 
be  expected  and  coupling  factor  from  the  bond 
ed  surface  to  a  receiver  antenna  should  be 
considered  in  a  proper  evaluation. 

In  this  study  the  bonding  jumpers  across 
selected  door  and  control  surface  hinges  on 
parts  from  a  Boeing  727  aircraft  were  check¬ 
ed.  The  major  components  selected  were: 

(1)  Main  gear  doors,  EAL  77DO2051-2053 

(2)  Nose  gear  door,  EAL  77D02154 

(3)  Ground  spoiler,  EAL  77SP3253 

(4)  Outboard  aileron  &  tab, EAL  77AI74 

(5)  Inboard  aileron  L  tab.EAL  77AI71 

(6)  Leading  edge  flap,  EAL  77FL904 

(7)  Rudder  &  tab,  EAL  77RU361 

(8)  Elevator  &  tab,  EAL  77EL1831  -TA121 

SETUPS  AND  PROCEDURES 

Since  the  parts  could  not  be  checked  in 
place  on  the  aircraft,  the  various  setups  were 
designed  to  insure  bond  and  hinge  currents 
that  equaled  or  exceeded  those  expected  on 
the  aircraft.  For  example,  a  door  hinge  in 
the  aircraft  fuselage  would  carry  less  current 
than  in  our  setup  since  no  attempt  was  made 
to  complete  the  enclosure.  When  possible  the 
resistance  of  the  hinge  gearings  vas  measured 
vith  an  ohimneter.  Low  resistances,  of  the 
order  of  milliohms,  were  measured  by  pass¬ 
ing  a  10  ampere  current  through  the  bearings 
and  measuring  the  voltage  across  them. 

Where  a  hinge  was  nonconducting  at  low  volt¬ 
age,  the  breakdown  voltage  was  measured 
Then  the  conductivity  across  the  hinge  on  the 
actual  aircraft,  with  its  actuators  and  other 
parallel  paths,  was  also  measured  from  the 
hinged  part  to  main  structure.  For  the  sim¬ 
ulated  lightning  damage  checks,  standard 
discharges  were  applied,  first  with  the  bond 
straps  in  place  and  then  again  with  the  bond 
straps  removed.  The  bearings  were  inspect¬ 
ed  for  pitting  or  other  damage  after  each  test. 
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MEASUREMENTS 

HINGE  BEARINGS-  The  piano-type  hinge 
bearings  checked  confirmed  that  these  bear¬ 
ings  may  be  considered  self-bonded  as  spec¬ 
ified  in  MIL-B-5087B.  The  control  surface 
hinge  bearings  were  cylindrical  sleeve  bear¬ 
ings,  usually  in  a  self-aligning  ball  joint,  or 
the  piano-type  or  both.  When  a  test  discharge 
was  passed  through  a  ball  joint,  the  ball  was 
pitted  on  its  external  surface,  but  not  on  the 
surfaces  in  contact  during  the  discharge.  The 
ball  could  je  easily  rotated  after  the  test  al¬ 
though  not  as  easily  as  before.  There  was 
no  evidence  of  hinge  binding.  A  typical  pitted 
alignment  ball  and  a  pitted  hinge  pin  are  shown 
in  Fig.  1.  The  observed  pitting  was  not  pre¬ 
vented  or  significantly  reduced  by  placing  a 
bond  strap  across  the  hinge. 

BOND  STRAPS-  The  bond  straps  were  ei¬ 
ther  stranded  aluminum  or  copper  cable  meas¬ 
uring  between  0.090  and  0.110  inch  in  diame¬ 
ter.  The  copper  3traps  were  usually  covered 
with  insulation.  The  copper  straps  had  a  re¬ 
sistance  of  about  one  milliohm  and  carried  a 
discharge  of  75  kiloamperes  peak  before  sep¬ 
arating  at  the  lugs  to  which  they  were  mechan¬ 
ically  crimped.  Aluminum  straps  had  a  high¬ 
er  resistance  at  the  lug  fastening  points. 

Since  lightning  stroke  current  components 
may  reach  a  rate  of  rise  of  current  of  100 
Ka./fisec,,  the  current  across  a  hinge  divides 
according  to  the  inductance  of  the  various 
parallel  paths  rather  than  their  resistance 
due  to  the  high  frequency  components  present. 
The  ;  all  diameter  bond  straps  used  on  the 
aircraft  investigate^!  usually  have  a  higher 
inductance  than  the  relatively  large  hinges 
and  thus  they  carry  less  current  than  the 
hinges,  even  though  their  resistance  nay 
be  lover  than  that  of  the  hinge.  As  an 
iliuii’-ation,  the  current  in  a  bond  strap 
across  a  hinge  on  the  main  gear  ~sor  vas 
oeasuied  to  be  only  20?  of  the  current 
carried  by  the  hinge. 

MAIN  GEAR  DOORS-  A  main  gear  door  in 
a  setup  for  checking  its  hinges  is  shown  in 
Fig.  2.  Two  sets  of  three  hinges  each  are 
used,  ^ince  they  are  piar.o-type  hinges,  they 
can  be  considered  self-bonded  if  their  resist¬ 
ance  is  less  than  10  milliohms .  The  resist¬ 
ance  measured  across  the  upper  hinges  was 
1.5  milliohms  and  that  across  the  lower  hinges 
was  0.5  milliohms.  Three  200  Ka.  peak  dis 
charges  were  appli'*'1  with  bend  straps  in  place 
and  an  additional  three  were  applied  after  the 
bond  straps  were  removed.  No  significant 
hinge  pitting  or  binding  was  observed  after 
each  series  of  tests. 


NOSE  GEAR  DOOR-  Two  hingr  .vith  aelf- 
aligr.ing  sleeve  bearings  were  check..-d  on  the 
nose  gear  door.  The  resistance  measured 
across  the  hinges  was  about  0.1  ohm.  The 
first  200  Ka.  discharge,  applied  with  the  bond 
straps  in  place,  resulted  in  pitting  at  the  ball 
joint,  but  no  joint  binding  was  observed.  After 
three  additional  200  Ka.  discharges  with  the 
bond  straps  removed, similar  pitting  was  noted, 
but,  again,  no  restriction  of  movement  of  the 
hinge  bearings  was  evident.  One  of  the  ball 
joints  was  actually  lot  sened  slightly. 

GROUND  SPOILER-  The  peak  current  ap¬ 
plied  to  the  spoiler  hinges  was  divided  with 
100  Ka.  through  the  center  hinge  and  100  Ka, 
through  the  two  outer  hinges.  To  increase 
the  severity  of  the  test  the  actuator  was  not 
connected.  All  hinges  measured  open  at  lou.- 
voltage.  The  breakdown  voltage  of  the  center 
bearing  varied  from  600  1,000  volts.  The 

others  required  cnly  50  volts  to  start  conduc¬ 
tion.  On  ;he  aircraft,  the  spoiler  panel  was 
connected  to  the  main  structure  by  parallel 
paths  having  a  resistance  of  3.5  to  5.0  ohms. 

One  100  Ka .  discharge  was  applied  with 
the  bond  straps  on  and  another  with  the  straps 
removed.  The  hinge  pin  of  the  center  bear¬ 
ing  was  shifted  along  its  axis  after  the  first 
discharge  to  separate  the  pitting  obtained  with 
and  without  the  bond  straps,  Fig.  1.  There 
was  no  noticeable  difference  in  the  pitting 
obtained  with  and  without  the  bond  straps  on  . 
No  binding  was  detected  in  either  case  in  any 
of  the-  bearings . 

While  these  hinges  were  satisfactory  in  ?. 
standard  lightning  test,  some  longer  duration 
natural  lightning  strokes  could  transfer  a 
larger  charge  and  causs  more  pitting  where 
the  bearing  arcs  due  to  a  relatively  high  par¬ 
allel  resistance.  Therefore,it  would  be  pru¬ 
dent  to  retain  a  bond  across  these  Lnges. 

For  static  bonding  MIL-B-5037’3  speci¬ 
fies  a  connection  resistance  <-f  less  than  one 
ohm.  Another  source,  Vol.  9  of  tl„  National 
J-Tre  Code,  suggests  a  minimum  of  one  meg¬ 
ohm.  Arcs  and  sparks  are  among  the  moc' 
serious  noise  sources.  Assuming  a  very  high 
charging  rate  of  lOOpamps.  for  an  isolated 
section,  the  voltage  across  one  megohm 
would  be  190  volts,  not  enough  to  cause  spark¬ 
ing  in  air.  Specification  of  hinge  resistance 
alone  doe..  no*  determine  the  noise  effective¬ 
ness  of  a  par*  -,ince  the  hinge  impedance  may 
oe  iugher.  In  acaition, noise  is  also  produced 
by  any  mechanical  variation  of  the  impedance, 
dZ/dt.  Of  course, the  noise  is  also  only  no¬ 
ticeable  when  a  receiving  antenna  is  coupled 
closely  enough  to  the  isolated  section. 
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Fig.  1  -  Typical  pitting  on  an  alignment  ball 
(top  photo)  of  an  elevator  bearing 
shows  pitting  confined  to  the  edges 
of  the  bail  which  has  been  turner 
for  the  ohoto.  Comparative  pitting 
(bottom  photo)  on  a  spoiler  hinge 
pin,  moved  between  discharges, 
shows  pitting  obtained  with  and  with¬ 
out  bonding  in  place . 
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OW’BOART  AILERON  1  TAB-  To  avoid  unneces¬ 
sary  bearing  pitting  on  this  part,  oily  two 
of  the  four  inner  hinges  of  the  outboard 
aileron  vere  connected  and  the  test  current 
was  reduced  to  120  Ka.  peak.  The  resistance 
across  the  inner  hinges  — asured  ebc-ut  0.1 
ohm  and  that  across  the  tab  hinges  about  .1? 
milliohms.  In  addition  to  the  hinges  des¬ 
cribed  above,  the  ailerOi.  is  connected  to  the 
nadn  vi^g  at.-ueture  by  piano-type  hinges 
which  were  disconnected  to  increase  the 
severity  of  the  test. 

One  discharge  was  applied  to  the  inner 
hinges  with  the  bond  straps  on  and  another  was 
applied  after  removal  of  the  bonds,  alight 
pitting  was  noted  on  the  sleeve  bearirg  pin 
\ftcr  both  discharges.  No  binding  or  other 
"rsal'unction  was  observed.  Similarly,  two 
200  Ka,  peak  discharges  were  passed  through 
the  four  tab  hinges.  One  bond  strap  was  ex¬ 
ploded  out  of  its  lug  and  a  nearby  metal  part 
was  deformed  on  the  first  discharge.  This 
raised  the  possibility  of  control  jamming. 

No  significant  pitting  or  binding  was  ot  served 
after  the  two  discharges. 

INBOARD  AILERON  k  TAB-  The  inboard 
aileron  has  two  inner  hinges  and  three  tab 
hinges.  It  is  also  attached  with  piano-type 
hinge  fittings  which  '"ere  not  connected,  mak¬ 
ing  the  test  of  the  other  hinges  more  severe. 
The  resistance  of  the  inner  hinges  measured 
0.1  to  0.3  ohms  and  the  resistance  across  the 
tab  hinges  was  3  to  5  ohms. 

One  200  Ka.  peak  discharge  was  applied 
through  the  inner  and  tab  bearings  in  series 
with  the  bond  straps  on  and  another  was  ap¬ 
plied  after  their  removal.  Only  slight  pit¬ 
ting  was  observed  on  the  hearings  as  a 
result  of  the  discharges.  No  binding  or 
other  deleterious  effects  were  noted. 

LEADING  EDGE  FLAP-  The  leading  edge 
flap  has  three  hinges  at  the  leading  edge  and 
three  inner  hinges.  The  resistance  of  the 
leading  edge  hinges  measured  2.5  to  5.0  ohms 
and  the  inner  hinges  measured  1  to  3  ohms. 

One  200  Ka.  peak  discharge  was  applied 
to  the  leading  edge  and  inner  hinges  in  series 
with  the  bond  straps  on.  One  of  the  straps, 
across  a  builnose  hinge,  exploded  out  of  its 
lugs.  No  significant  pitting  or  binding  was 
observed.  A  oecord  similar  discharge  was 
applied  after  removal  of  the  bond  straps.  The 
pitting  obtained  was  essentially  the  same  as 
that  obtained  with  the  bond  str„p»  on  and  no 
binding  of  the  hinges  was  observed, 

RUDDER  k  TAB-  The  inner  hinge  bear¬ 
ings  of  the  rudder,  Fig.  3,  are  normally  un¬ 
bonded,  They  were  typical  sleeve  bearings 
in  a  self-aligning  ball  joint,  Fig.  !.  The 


resistance  measured  across  the  tab  hinges 
was  6  to  8  milliohm8  . 

One  200  Ka.  peak  discharge  was  applied 
through  the  hinges  in  series  with  the  tab  bond 
straps  on  and  another  was  applied  after  their 
removal.  Only  slight  pitting  was  noted  on 
these  sleeve  type  bearings  and  pins  with  and 
without  the  bond  straps  on.  No  binding  or 
other  change  in  the  performance  of  the  hinges 
was  noted, 

ELEVATOR  &  TAB-  The  inner  and  tab 
hinges  of  the  elevator  were  also  checked. 

A  closeup  view  of  an  inner  hinge  is  shown  in 
rig.  4.  The  elevator  has  five  inner  and  five 
tab  hinges.  Two  bonding  jumpers  are  pro¬ 
vided  across  each  group  of  hinges.  The  re¬ 
sistance  of  the  tab  hinges  measured  6  inilh- 
ohms,  but  the  innei  hinges  checked  open  and 
required  300  to  400  volts  for  breakdown. 

The  parallel  pains  on  the  actual  aircraft, 
however,  provided  conduction  so  that,  on  the 
aircraft,  the  resistance  across  the  inner 
hinges  was  0.4  ohms,  adequate  for  static 
bonding  per  MIL*B’5087B . 

One  200  Ka.  discharge  was  applied  to  the 
inner  and  tab  bearings  in  series  with  the  bond¬ 
ing  straps  on  and  another  was  applied  after 
their  removal.  The  pitting  observed  after 
each  discharge  was  essentially  the  same  and 
so  bisdirg  or  other  deleterious  effect  was 
noted.  Most  of  U,s  pitting  was  confined  to 
the  normally  exposed  surfaces  of  tks  ball 
joint  rather  than  on  the  inner  surfaces  cf  the 
bearing.  On  the  actual  aircraft,  the  elevator 
is  attached  with  piano-type  hinges,  Fig. 4,  in 
parallel  with  the  inner  hinges  checked.  Their 
effect  would  be  to  reduce  the  current  in  the 
inner  hinges . 

CONCLUDING  DISCUSSION 

When  high  current  discharges  were  pass¬ 
ed  through  door  and  cor*’  ol  surface  hinges 
from  a  V27  aircraft,  examination  of  the  bear¬ 
ings  showed  no  fusing  or  significant  binding 
and  no  Other  significant  difference  in  hinge 
performance,  with  or  without  bonding  jump¬ 
ers  attached.  Therefore,  the  need  for  bond¬ 
ing  jumpers  to  conduct  lightning  currents 
across  the  hinges  was  not  demonstrated  by 
these  tests,  in  fact,  a  question  was  raised 
as  to  whether  a  bond  strap,  Mown  loose  from 
its  lugs  by  the  lightning  current,  might  actu¬ 
ally  become  hazardous.  Where  the  parallel 
path  impedance  is  relatively  high«  as  on 
the  spoiler,  a  bond  Blight  be  retained  to 
provide  protection  against  long  duration 
natural  discharges  which  can  exceed  the 
standard  test  levers. 


531 


Elevator  inner  hinge  bearing  and 
piano-type  hinge  in  foreground. 


be  higher  than  that  of  the  standard  discharge 
used  for  checking  bonding. 

T«t  churcins  oX  thw 


bonded  part,  the  effectiveness  of  the  part  as 
a  noise  source  depends,  among  other  things, 
on  its  coupling  factor  or  location  and  orienta¬ 
tion  relative  to  some  receiving  antenna.  The 
location  of  the  part  also  affects  its  charging 
rate.  The  hinge  and  parallel  path  impedances 
are  more  important  than  their  resistances, 
since  the  resistance^are  usually  relatively 
low  at  the  high  receiver  frequencies .  Any 
mechanical  variation  in  impedances,  dZ/dt, 
can  be  expected  to  be  kept  low  by  the  multiple 
low  impedance  parallel  paths  . 

This  study  of  the  bonding  of  specific  mod¬ 
ern  aircraft  hinges  illustrates  that  the  expect¬ 
ed  effectiveness  of  hinge  bonding  for  lightning 
protection  or  noise  reduction  should  first  be 
established  before  they  are  installed,  since 
maintenance  costs  may  be  excessive.  The 
piano-type  hinges,  the  large  hinges  with  sleeve 
type  bearings  and  the  parallel  paths,  found  in 
modern  aircraft,  make  bonding  across  most 
hinger  ineffective  for  lightning  protection  and, 
in  many  cases,  unnecessary  for  noise  reduc¬ 
tion. 
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ABSTRACT 

A  test  technique  has  been  developed  uti¬ 
lizing  a  portable  low-energy  impulse  generator 
capable  of  providing  unidirectional  current 
impulses  similar  t,o  lightning  current  surges, 
but  at  a  lower  current  level,  to  be  used  in 
the  investigation  of  lightning-created  induced 
voltages  on  aircraft.  Such  an  investigation 
would  aid  in  determining  whether  the  induced 
voltages  on  the  circuits  are  of  such  a  magni¬ 
tude  as  to  be  harmful  to  equipment  connected 
tc  the  circuit. 

The  basis  for  this  low-energy  test  tech- 
nilue  is  the  fact  that  a  linear  relationship 
ha 3  been  observed  to  exist  between  the  magni¬ 
tude  of  lightning  current  and  the  subsequent 
induced  voltages. 

Previously,  measurements  have  been  made 
of  voltages  induced  in  aircraft  circuits  by 
full-scale  simulated  lightning  currents  flow¬ 
ing  through  its  skin  and  structure  (l)*.  This 
is  a  cumbersome  operation  at  best  and  may  be 
completely  impossible  in  some  cases. 

With  the  portability  of  this  impulse  gen¬ 
erator,  the  restrictions  as  to  location  of 
test  and  test  setup  tiros  ere  removed.  The 
portable  impulse  generator  can  be  taken  to  a 
complete  aircraft,  connected  to  a  certain 
point  on  the  aircraft,  and  measurements  can  be 
made  on  the  circuitry. 

Through  use  of  an  F89-J  fighter  aircraft 
as  a  test  bed  to  develop  the  practicality  of 
this  test  technique  in  the  field,  a  usable 
tool  has  been  made  available  for  lightning- 
induced  voltage  studies  on  all  aircraft. 

IT  IS  KNOWN  that  lightning  currents  which  flow 
through  the  skin  and  structure  of  a  metallic 
aircraft  can  induce  hazardous  voltages  into 
electrical  circuits  within.  There  are  also 
incidents  of  avionics  equipment  being  disabled 
as  a  result  of  lightning  stroke  to  aircraft. 

With  the  knowledge  that  lightning  may 
cause  induced  voltages  of  a  magnitude  probably 
sufficient  tc  interfere  with  or  damage  sensi¬ 
tive  aircraft  electrical  and  avionics  equip¬ 
ment  (l),  a  program  was  initiated  by  the 
A'-rospace  Safety  Research  and  Data  Institute, 
NASA,  Lewis  Research  Center,  with  the  objective 
to  develop  a  technique  to  determine  the 


potential  effect  upon  aircraft  electrical  sys¬ 
tems  of  lightning  currents  passing  through  the 
skin  and  structural  members  of  a  complete  air¬ 
craft. 

Toward  this  objective  a  test  technique 
utilizing  a  portable  low-energy  impulse  gener¬ 
ator,  henceforth  referred  to  as  a  transient 
analyzer,  was  developed  as  a  workable  tool  in 
the  investigation  of  lightning-induced  volt¬ 
ages  on  aircraft. 

Using  the  complete  right  wing  of  a 
Northrup  F89-J  aircraft  as  a  test  bed  and  with 
the  use  of  a  complete  F89-J  aircraft  to  de¬ 
velop  the  practicality  of  i  iwld  testing,  meas¬ 
urements  were  made  of  voltages  and  currents 
induced  in  selected  wing  and  fuselage  circuits 
as  a  result  of  the  lightning  currents  passing 
through  the  wing  skin  and  structural  members. 

The  program  was  conducted  by  the  High 
Voltage  Laboratory  of  the  General  Electric 
Company  in  Pittsfield,  Massachusetts.  This 
paper  outlines  the  development  of  the  test 
presented  in  General  Electric  report, 

SRD  72  065. 

OBJECTIVES 

In  developing  a  test  technique  for  inves¬ 
tigating  the  effect  of  lightning  currents  on 
aircraft  electrical  circuits  in  a  complete  air¬ 
craft  a  number  of  design  objectives  had  to  be 
met.  These  objectives  fall  into  two  cate¬ 
gories,  electrical  and  physical. 

ELECTRICAL  DESIGN  OBJECTIVES  - 

(1)  Provide  enough  charging  capability 
within  the  transient  analyzer  to  inject  a  few 
hundred  to  a  few  thousand  amperes  through  a 
complete  aircraft.  This  would  insure  that  the 
resultant  voltages  induced  on  the  aircraft 
electrical  circuitry  will  range  from  milli¬ 
volts  to  a  few  volts. 

(2)  The  transient  analyzer  must  produce 
a  current  pulse  that  would  induce  voltages  on 
aircraft  electrical  circuitry  similar  to  what 
the  Identical  circuitry  would  see  if  the  air¬ 
craft  were  struck  by  actual  lightning.  There¬ 
fore,  the  current  pulse  created  by  the  tran- 
slent  analyzer  must  be  unidirectional,  rising 
“Numbers  in  parentheses  designate  References 
at  end  of  paper. 
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to  crest  and  falling  to  half  crest  value  in 
times  similar  to  actual  lightning.  The  tran¬ 
sient  analyzer  must  also  have  the  capability 
of  producing  current  pulses  similar  to  ac¬ 
cepted  lightning  test  standards,  such  as 
ML-B-5087B. 

(3)  Since  the  possibility  exists  that 
some  induced  voltages  will  be  in  the  millivolt 
range  a  measuring  system  must  be  provided  that 
would  reduce  extraneous  noise  on  the  system. 

(4)  The  transient  analyzer  should  re¬ 
quire  no  more  than  standard  110  volts  AC  power. 
This  is  to  insure  that  power  requirements  can 
be  satisfied  in  remote  test  areas  either  by 
line  power  or  portable  AC  generators. 

PHYSICAL  DESIGN  OBJECTIVES  - 

(1)  There  must  be  limitations  on  the 
size  and  weight  of  the  transient  analyzer.  It 
must  be  able  to  be  moved,  if  need  be,  by  the 
personnel  doing  the  testing,  requiring  no  elab¬ 
orate  devices  such  as  cranes,  etc.,  that  would 
not  be  available  in  remote  test  areas. 

(2)  Although  personnel  aafety  in  regard 
to  this  test  technique  has  mainly  to  do  with 
prevention  against  electrical  stock  and  would 
seem  to  be  an  electrical  design  objective,  it 
is  a  physical  design  objective  to  provide  suf¬ 
ficient  grounding  devices,  warning  lights  and 
signs.  Since  this  test  technique  is  to  be 
used  in  the  field  without  the  benefit  of  AC 
power  interlocked  test  facilities,  such  as  in 
a  laboratory,  adequate  precautions  must  be 
taken  to  Insure  personnel  safety. 

(3)  Due  to  the  many  possible  locations 
where  tests  on  an  aircraft  using  this  tech¬ 
nique  could  be  made  the  basic  test  setup  must 
be  simple.  In  fact,  if  possible,  the  size  of 
the  test  site  should  be  governed  only  by  the 
size  of  the  aircraft  to  be  tested. 

(4)  Since  the  test  technique  utilizes  a 
complete ,  flya'ole  aircraft  as  the  test  piece, 
the  technique  must  not  cause  deterioration  of 
the  aircraft  akin  due  to  the  injected  current 
impulses.  Such  deterioration  could  occur  at 
higher  peak  current  levels  (40  kiloamperes) 
as  used  in  full  scale  testing.  It  is  an  ob¬ 
jective  of  this  test  technique  not  to  cause 
deterioration  of  the  aircraft  skin. 

Also,  the  procedure  used  for  connecting 
on  to  an  electrical  circuit  for  test  must  be 
nondestructive  to  the  wiring  when  connections 
are  made.  The  connections  made  to  the  elec¬ 
trical  circuit  from  the  measuring  equipment 
must  be  simple,  but  yet  must  be  of  a  nature  as 
to  insure  measurement  integrity. 

(5)  Connections  must  be  made  on  circuits 
as  they  are  positioned  in  the  aircraft  to  ob¬ 
tain  valid  measurements.  All  access  ounels  and 
other  structural  parts  providing  shielding  for 
the  circuits  must  be  kept  in  place  if  possible. 


GEOMETRIC  MODELING 

The  transient  analyzer  is  basically  an 
energy  storage  device  utilizing  capacitors  as 
tne  energy  storage  units.  The  capacitors  are 


charged  up  to  a  certain  DC  voltage  using  a  high 
voltage  DC  power  supply,  (“hen  the  capacitors 
8re  charged  to  a  specific  voltage  level,  the 
energy  is  released  to  the  aircraft  structure 
through  a  sphere  gap.  By  adding  resistance 
and  inductance  in  series  with  the  output  of 
the  transient  analyzer,  the  output  current 
wave  could  be  shaped  into  a  unidirectional 
wave  rising  from  zero  to  a  peak  current  level 
in  a  specific  time  and  falling  to  half  peal: 
value  in  a  specified  time. 

In  designing  a  transient  analyzer  to  ac¬ 
complish  the  objectives  listed  above  the  com¬ 
plete  test  circuit  must  be  taken  into  consid¬ 
eration.  This  test  circuit  includes  a  com¬ 
plete  aircraft  structure  in  series  with  the 
transient  analyzer  impulse  circuit.  The  con¬ 
tribution  that  an  aircraft  would  make  to  the 
test  circuit  impedance  was  not  completely 
known. 

A  complete  aircraft  was  not  available 
during  the  preliminary  design  of  the  aircraft 
transient  analyzer.  Therefore,  in  order  to 
select  design  parameters  for  an  aircraft 
transient  analyzer  capable  of  injecting  the 
required  lightning  current  wave  shapes  and 
current  levels  through  a  complete  aircraft, 
the  aircraft  test  circuit,  including  tha  air¬ 
craft,  was  geometrically  modeled. 

A  geometric  type  model  is  a  scale  model 
in  which  no  attempt  is  made  to  duplicate  the 
power  levels  to  which  the  full-size  structure 
is  subjected.  For  this  type  of  model,  if 
scale  factors  are  applied  to  any  three  quanti¬ 
ties,  the  scale  factors  for  all  other  quanti¬ 
ties  are  fixed. 

A  typical  choice  of  parameter  scales  is 
one  such  that  the  impedance,  Z,  of  the  model 
is  the  same  as  the  impedance  of  the  full-size 
structure.  The  impedance  scale  fixed  is  thus 
unity.  The  length  scale  was  determined  by  the 
model  aircraft  used  '-l  =  1/70),  A  third  para¬ 
meter  to  conveniently  set  is  the  dielectric 
constant  (t  =  1).  Thus, 

length  =  l  ~  1/70  (1) 

Z  =  1  (2^ 

€  =  1  (3) 

If  the  impedance,  Z,  is  1  then  the  re¬ 
sistance,  R,  of  the  model  is  1.  From  dimen¬ 
sions  of  units  in  the  MKS  system  (2): 


R=i=Md 

ter 

where : 

M  =  mono 
t  =  length 
t  =  time 


Q  =  charge  (coulomb) 
also  from  Reference  2; 


C  =  capacitance 


2  2 

.  OL 

Ml2 


(4) 


(5) 
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L  =  inductance  =  -5—  (6) 

Q 

2  2 

c  =  dielectric  constant  =  — ~9-  (7) 

mr 

Using  equation  (4): 

C=L't  (8> 

«  ■  i  (9) 

then,  from  equation  (3): 

e  =  1  -  -  (10) 

t  =  l  =  1/70  (11) 

Thus  the  length  scale  (4)  and  the  time 
scale  (t)  are  the  same.  With  the  length  and 
time  scales  both  equal  to  l/70,  the  scale 
factors  for  the  component  values  used  in  the 
geometric  model  are: 

Resistance  =  R  =1 
Inductance  =  l/70  =  l/70 
Capacitance  =  C/70  =  l/70 

With  this  information,  aircraft  transient 
analyzer  component  values  sez-e  selected  to  give 
the  desired  range  of  wave  shapes,  with  adequate 
amplitudes,  by  simply  varying  the  model  compo¬ 
nent  parameters,  without  having  the  actual  test 
aircraft.  It  also  allows  one  to  vary  other 
parameters  and  study  the  effects . 

The  entire  circuit,  representative  of  a 
real-life  situatior  was  laid  out  using  a  l/70 
model;  The  airplane  in  this  case  was  a  plastic 
model,  T33-A  jet  trainer,  similar  in  size  and 
shape  to  an  F89-J  aircraft,  which  would  be  used 
for  the  actual  field  tests.  The  model  aircraft 
was  coated  with  a  silver  loaded  (conductive) 
paint.  (An  F89-J  model  was  not  available.) 

The  layout  of  the  circuit  can  be  seen  in 
Figure  1. 

The  current  conducting  loop  was  kept  a 
distance  of  approximately  one  "wing  span"  dis¬ 
tance  from  the  aircraft  in  order  to  minimize 
return  circuit  proximity  effects.  As  shown  in 
Figure  i,  a  67 -volt  battery  charged  up  a  capa¬ 
citor,  C,  throug..  approximately  400  ohms.  The 
capacitor  was  then  discharged  through  series 
resistance,  R,  and  through  the  model  aircraft. 
The  current,  i, ,  returned  via  the  double  loop. 

I* 

The  inductance,  L,  was  the  inductance  of  the 
complete  circuit. 

Three  current  wave  shapes  were  obtained 
using  the  model  circuit.  The  circuit  compo¬ 
nents  used  to  create  these  wave  shapes  are 
listed  in  Table  1  with  values  for  the  peak 
lightning  currents  obtained. 

The  initial  tests  had  wiring  taped 


plane  to  study  any  associated  variations  in 
inductance.  The  wiring  was  placed  on  a  sheet 
of  plexiglass.  Mo  changes  were  noted  in  wave 
shapes  or  current  amplitudes. 

Instead  of  the  double  loop  return  path, 
a  single  foil  return  was  used.  This  would 
simulate  a  foil  run  back  under  the  aircraft. 

In  fi&ld  testing,  comparisons  were  made  be¬ 
tween  the  single  return  path  and  the  double 
loop  return  under  the  same  lightning  current 
test  conditions.  It  was  found  that  for  either 
return  path  configuration,  the  lightning  wave 
shapes  were  similar.  In  addition  during  the 
field  tests  it  was  found  that  resulting  induced 
voltages  were  the  same  for  either  return  path 
configuration.  In  other  words,  the  proximity 
effect  of  current  returning  to  the  generator 
did  not  noticeably  influence  the  amount  of 
induced  voltages  in  an  electrical  circuit  in¬ 
side  the  metal  airframe. 

From  measurements  made  using  this  geomet¬ 
ric  model,  the  projected  maximum  amperes  ob¬ 
tained  with  a  transient  analyzer  operating  at 
a  cb-arging  voltage  of  50  W  would  be  as  shown 
in  Table  2. 

The  projected  current  output  sufficiently 
met  the  design  objectives.  Based  on  previous 
iiviueed-voltage  measurements ,  it  is  clear  that 
lightning  current  amplitude  in  excess  of  100 
amperes  would  be  capable  of  inducing  measur¬ 
able  levels  of  voltage  in  the  aircraft  cir¬ 
cuitry.  It  is  also  noted  from  Table  2  that 
the  required  values  of  generator  capacitance, 
C,  did  not  vary  widely.  Thus,  the  generator 
capacitance  could  be  composed  of  four  0.5  pf 
capacitors  with  50  kilovolt  ratings;  one  or 
more  of  which  could  be  in  the  circuit  as 
needed  for  particular  wave  shapes.  It  would 
be  possible  to  obtain  a  compact  50  kilovolt 
DC  power  supply  that  would  suit  the  needs  of 
the  generator.  The  wave  shaping  series  res is 
tance  placed  in  the  generator  circuit  would 
be  noninduct ive  resistors  with  values  of  from 
10  a  to  50  a.  Series  inductance,  Lg ,  needed 
for  the  longer  wave  shapes  would  be  hand- 
wound  coils  externally  placed  in  series  with 
the  output  of  the  transient  analyzer,  to  make 
up,  together  with  the  inherent  test  circuit 
path  inductance,  the  total  inductance,  L, 
required  for  the  desired  wave  shape. 

DESIGN  AND  0FERATI0N  OF  THE  AIRCRAFT  TRANSIENT 
ANALYZER 

Keeping  in  mind  the  electrical  and  physical 
design  objectives,  the  aircraft  transient 
analyzer  was  built.  Figures  3  and  4  show  the 
transient  analyzer  with  its  major  components. 

HIGH  VOLTAGE  INSULATION  -  Since  the  design 
required  high  charging  voltages  and  relatively 
high  output  currents  from  a  device  of  compact 
size,  the  placement  of  all  components  impor¬ 
tant  to  the  operation  of  the  aircraft  tran¬ 
sient  analyzer  was  very  critical.  High 
stresses  placed  on  components  by  the  charging 
voltage  had  to  be  reduced  and  minimized.  Gpc- 
cings  between  the  high  voltage  power  supply 
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NOTE  I.  W  EQUALS  LENGTH  OF  WING  SPAN 

Z.  NO  LUMPED  INDUCTANCES  WERE  INCLUDED.  CIRCUIT  INDUCTANCE  WAS 
THE  DISTRIBUTED  SELF  AND  MUTUAL  INDUCTANCES  OF  EACH  BRANCH 
CIRCUIT. 


FIGURE  2-  PLAN  VIEW  OF  GEOMETRIC  MODEL  CIRCUIT  LAYOUT  OF  TRANSIENT 
ANALYZER  TEST  TECHNIQUE 
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FIGURE  AIRCRAFT  TRANSIENT  ANALYZER  SHOWING  POWER  SUPPLY,  GENERATOR  CAPACITORS, 
ANO  GROUNDING  SYSTEM. 
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INTERCHANGEABLE  SERIES 


WJiiE  4-EXPOSED  TCP  VIEW  OF  AIRCRAFT  TRANSIENT  ANALYZER  SHOWING 
PLACEMENT  OF  COMPONENTS. 
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Table  1  -  Actual  Value  of  Test  Circuit  Parameters  Used  in 
GeonKitric  Model  with  0>  icrated  Wave  Shapes 


Lightning  Cerent 
Wave  Shape  Generated 
(microseconds) 

Circuit 

Inductance,  l,'70 
(microhenries) 

Series  Resistance,  R, 
(Ohms) 

Generator 
Capacitance,  C/70 
(microfarads) 

Actual  Peak 
Lightning  Current,! 

at  40  volts  1 

Charging  Voltage 
(amperes) 

0.07  x  0.25 

nxxiel  circuit 

47 

0.007 

0.68 

0.15  x  0.30 

scdel  circuit 

12 

0.02 

1.80 

0.40  x  1.0 

model  circuit  + 
3.7  microhenries 

39 

0.03 

0.78 

Table  2  -  Projected  Values  of  Test  Circuit  Parameters  with  Projected 
Peak  lightning  Current  Obtaina'o  e  with  Aircraft 
Transiei:t  Analyser  with  Charging  Vr.tage  nl  50  Kilovolts 


Lightning  Current 
Waveshape  Scaled-Up 
( microseconds) 

Circuit 
Inductance,  I, 
(microhenries) 

Series  Resistance,  R, 
(ohms) 

Generator 
Capacitance,  C, 
(microfarads) 

— 

pivoted  Peak 
Lightning  Current. i, 
at  50  kilovolts  " 
Charging  Voltage 
(amperes) 

A .9  *  17.5 

circuit 

47 

0.49 

850 

1-j  .  5  x  21 

circuit 

12 

1.40 

2250 

28  x  70 

circuit  +259 

39 

2.10 

975 

microhenries 
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bushings  and  the  enclosure  panels,  between  the 
capacitor  bushings  and  the  capacitor  grounding 
devices,  between  capacitor  cases  and  enclosure 
panels  were  most  critical.  DC  leakage  cur¬ 
rents  flowing  during  the  capacitor  charging 
period  were  perhaps  the  most  troublesome.  The 
capacitors  used,  of  the  2-bushing  ungrounded 
case  type,  were  used  in  this  application  be¬ 
cause  of  availability.  Therefore,  the  electri¬ 
cal  circuit  of  the  transient  analyzer  called 
for  isolating  the  cases  of  the  capacitors  and 
several  other  components  from  ground.  This 
isolation  was  needed  since  with  these  parti¬ 
cular  capacitors,  the  cases  are  the  midpoints 
of  the  capacitors,  with  a  maximum  of  25  kV 
possible  between  each  bushing  to  case  and 
50  kV  between  bushings.  The  isolation  in  this 
pi-o+otype  unit  was  accomplished  by  using  wood 
to  support  the  capacitors  and  Herkolite,  a 
treated  laminated  insulating  material ,  for 
supporting  and  isolating  the  capacitors.  By 
using  grounded-case  capacitors  much  of  this 
insulation  could  be  eliminated. 

AC  SAFETY  INTERLOCK  SYSTEM  -  Due  to  the 
high  voltages  used  in  the  production  of  the 
simulated  lightning  current  impulses,  precau¬ 
tions  must  be  carefully  taken  to  provide  per¬ 
sonnel  safety. 

The  cabinet  used  for  the  transient  analy¬ 
zer  is  completely  enclosed,  with  energy  stor¬ 
age  power  supply  and  control  components  used 
in  the  production  of  the  simulated  lightning 
currents  included  within.  External  components 
include  any  lumped  inductance  coils  and  of 
course  the  circuit  through  the  aircraft.  115 
volts  AC  power  is  acquired  from  an  external 
source,  a  removable  cord  from  a  recessed  male 
outlet  mounted  in  the  base  of  the  cabinet. 

There  are  two  panel  doors  that  can  be 
opened  for  access  to  the  charging  circuitry, 
wave  shaping  elements,  sphere  gap,  and  capaci¬ 
ty  s,  The  panel  doors  are  interlocked  for 
incoming  AC  power. 

The  front  panel  door  not  only  is  inter¬ 
locked  ,  but  has  a  rod  that  is  inserted  through 
the  top  access  door  that  locks  the  front  door 
in  a  closed  position.  A  capacitor  grounding 
mechanism  grounds  both  terminals  of  the  capa¬ 
citors  when  tne  top  access  door  is  opened.  To 
insure  complete  grounding  of  the  capacitors 
when  changes  in  the  capacitor  connections  are 
required,  a  ground  stick  is  provided  for  the 
operator's  ure  to  ground  the  center  point  of 
tne  capacitors,  wnich  is  tlv  capacitor  case 
itself  and  all  other  live  elements  vrnen  the 
f r  ent  panel  door  is  opened . 

The  transient  analyzer  cabinet  is  grounded 
at  all  times. 

PRELIMINARY  FIELD  TESTING 

A  series  of  outdoor  tests  were  made  to 
simulate  the  situation  that  would  be  encoun¬ 
tered  when  a  complete  aircraft  was  subjected 
to  tests  using  the  aircraft  transient  analyzer. 
Grounding  configurations  and  measuring  tech¬ 
niques  were  investigated. 


The  test  piece  used  for  these  outdoor 
tests  was  a  wing  from  an  K29-J  aircraft.  It 
was  moved  to  the  High  Vo liege  Laboratory  out¬ 
door  test  facility  where  induced  voltage  mea¬ 
surements  were  made  on  circuits  within  the 
wing  using  the  aircraft  transient  analyzer  as 
the  lightning  current  source.  Figure  5  chows 
the  wing  in  the  test  area, 

GROUNDING  CONFIGURATIONS  -  Figure  6  shows 
the  test  setup  in  the  outdoor  area. 

The  current  from  the  transient  analyzer 
was  injected  at  points  likel.  to  be  struck  by 
lightning,  the  current  then  flowing  down  the 
wing  and  being  removed  at  the  root  end,  re¬ 
turning  to  the  generator  through  a  foil  return 
path  kept  isolated  from  the  ground. 

The  case  of  the  aircraft  transient  analy¬ 
zer  was  grounded  and  connected  to  the  measure¬ 
ment  trailer  by  an  aluminum  foil  connection. 

Pell  was  also  placed  directly  beneath  the  in¬ 
duced  voltage  measurement  cable.  Th’S  foil  was 
joined  to  the  foil  connecting  the  >  of  the 
transient  analyzer  arid  the  measure  trailer. 
All  o:  the  simulated  lightning  current  returns 
to  the  aircraft  transient  analyzer  after  flow¬ 
ing  through  the  wing.  Even  though  there  was 
the  foil  connection  from  the  root  end  o.  the 
wing  to  the  grounded  measurement  trailer  this 
fdl  did  not  carry  any  of  the  lightning  current, 
since  all  current  must  return  to  the  negative 
side  of  the  generator  capacitors,  which  were 
ungrounded , 

T.\ere  are  further  comments  on  grounding 
in  regard  to  personnel  safety,  as  shown  in 
Figure  7.  A  complete  aircraft  is  used  as  the 
test  piece  in  this  example.  Since  the  air¬ 
frame  is  grounded,  it  is  safe  for  a  iwrson  io 
touch  the  airframe  d  >ring  the  charging  or  dis¬ 
charging  of  the  transient  analyzer,  providing 
the  person  is  standing  c.  equally  grouried  or 
unbiased  surface,  such  as  *he  earth  or  a  con¬ 
crete  path,  etc.  Inductive  voltage  crops 
around  the  test  circuit  loop  Uu«t  add  up  to 
tha  U  tel  ch'.rge  voltage  at  1  =  o<  (until 
currei  c  starts  to  flow  in  the  circuit),  ihw- 
evc-r,  the  relatively  low  inductance  of  a  large 
netal  airfranv  res  Jits  in  very  low  voltage  dii- 
ferential  r long  the  airframe.  Instead,  the 
voltage  exists  across  lumped  circuit  induc¬ 
tances  and  the  return  path  or  connecting  leads. 
Therefore,  both  the  positive  and  negative 
terminals  of  the  transient  analyzer  are  ibove 
or  below  ground  by  a  significant  voltage,  as 
shown  in  Figure  7. 

Thus,  while  the  airframe  is  at  ground,  the 
negati  a  side  of  the  transient  malyzer  oar,  be 
at  a  large  potential  below  ground.  This  is 
why  the  negative  side  of  the  transient  analyzer 
capacitance  must  be  insulated  by  at  least  the 
f'lll  charging  voltage  from  the  c^bine^,  and  it 
is  whv  one  cannot  arbitrarily  ground  the  r.ega- 
ti  v.  side  of  the  transient  analyzer  capacitance 
to  the  cabinet.  Further  gtudy  of  the  above 
circuit  also  indicates  that  a  ground  stici: 
placed  on  the  positive  output  lead  of  the  tran- 
sent  analyzer  will  not  necessarily  " ground" 
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EXTERNAL  WING 


the  transient  analyzer,  ae  an  open  circuit 
return  lead  could  render  auch  a  ground  com¬ 
pletely  ineffective, 

DIFFERENTIAL  MEASURING  SYSTEM  -  The  simu¬ 
lated  lightning  current  created  by  the  air¬ 
craft  transient  analyzer  flows  through  a  wing 
or  other  parts  of  an  aircraft  oreating  a  mag¬ 
netic  field  that  induces  voltages  on  electric 
circuits  in  the  aircraft.  A  differential 
measurement  system  is  used  to  measure  voltages 
induced  on  the  electrical  circuitry.  The  rea¬ 
son  for  using  a  differential  system  is  to  can¬ 
cel  out  error  voltages  and  currents  induced 
in  the  cable  leads  by  external  fields  leaking 
through  the  measurement  cable  shields  or  by 
cable  shield  currents  induced  by  such  external 
fields . 

Figure  8  shows  a  comparison  of  coaxial 
and  differential  measurement  systems.  A  co¬ 
axial  cable  system  used  with  this  test  setup 
can  permit  extraneous  signals  to  travel  down 
the  cable  conductor  and  shield  with  the  result 
*hat  the  induced  voltage  seen  on  the  oscillo¬ 
scope  could  be  the  induced  voltage  plus  the 
extraneous  noise. 

Figure  8b  slows  the  differential  system 
used.  With  a  differential  measurement  one 
conductor  is  connected  to  a  wing  circuit  in 
question.  The  other  conductor  is  connected  to 
the  cable  shield  and  the  airframe  at  the  point 
where  the  measurement  is  made.  The  two  con¬ 
ductors  are  connected  to  the  channel  "A"  and 
channel  "B"  inputs  of  a  Tektronix  Type  G  pre¬ 
amplifier  which  subtracts  one  incoming  signal 
from  another,  with  the  resultant  output  being 
the  true  induced  voltage  on  the  wing  circuit. 

Further  explanation  of  the  differential 
measurement  system  is  illustrated  in  Figure  9. 

Current  is  flowing  along  a  wing  or  any 
other  structural  part  of  the  aircraft.  The 
connection  to  the  differential  measurement 
system  is  shown  in  the  figure  as  the  shielded 
twin-axial  cable  connected  to  a  circuit.  In  a 
line-to-ground  measurement  one  lead  of  the 
twin-axial  cable  would  be  connected  to  the  wing 
and  the  cable  shield. 

Figure  9  illustrates  two  cases  where 
measurement  errors  could  exist.  In  case  (1), 
if  the  cable  shield  is  not  connected  to  \  ie 
airframe  at  b,  the  voltage  induced  alon,  the 
loop  formed  by  the  airframe,  aluminum  foil,  and 
cable  shield  appears  between  the  airframe  at 
b  (channel  "B")  and  the  shield  at  "s",  so  that 
channel  "B"  alone  has  a  large  error  vo] tage  in 
it. 

In  case  (2),  if  the  instrument  cable 
shield  at  "a"  is  tied  to  the  airframe  at  "b" , 
then  a  circulating  current  exists  in  the  loop. 
This  circulating  current  can  induce  common 
mode  error  in  both  channels  "A"  end  "B"  due  to 
current  flow  in  the  cable  shield.  If  signifi¬ 
cant,  such  an  error  may  saturate  the  channel 
"A"  and  channel  "B"  amplifiers  of  the.  measure¬ 
ment  oscilloscopes  rendering  signal  measure¬ 
ments  inaocurate. 

Thus,  to  insure  valid  measurements  the 
aluminum  foil  ground  connection  must  be 


grounded  to  the  airframe  as  close  as  possible 
to  the  desired  zero-voltage  reference  location 
on  the  airframe  and  solidly  connected  there. 

No  other  ground  connections  can  be  made  any¬ 
where  to  the  airframe.  The  measurement-  cable 
must  be  brought  to  and  inside  the  airframe 
along  the  foil  and  its  shield  also  connected 
to  the  airframe  at  the  desired  zero-voltage 
reference  location.  No  loops  or  "openings" 
must  exist  between  the  foil  and  the  measure¬ 
ment  cable  shield  as  shown  in  Figure  9. 

CURRENT  MEASUREMENTS  -  The  measurement  of 
short  circuit  currents  on  the  aircraft  cir¬ 
cuitry  was  accomplished  by  using  a  Pearson 
current  transformer',  Model  110A,  connected  as 
shown  in  Figure  10. 

The  input  and  output  leads  to  the  current 
transformer  are  the  same  leads  that  would  go 
to  channels  "A"  and  »B"  of  the  differential 
preamplifier  in  the  oscilloscope  when  induced 
voltage  is  being  measured. 

The  simulated  lightning  current  is  mea¬ 
sured  by  the  use  of  a  Pearson  current  trans¬ 
former,  model  No.  110,  with  a  0.10  volt  per 
ampere  ratio.  The  current  transformer  is 
placed  outside  the  transient  analyzer  case 
around  the  return  connection  of  the  transient 
analyzer  as  shown  in  Figure  11. 

OUTCOME  OF  PRELIMINARY  OUTDOOR  TESTS  - 
From  the  preliminary  testing  of  the  aircraft 
transient  analyzer  test  technique  the  test  pro¬ 
cedure  to  be  used  in  the  field  on  a  complete 
aircraft  was  perfected.  In  addition  to  the 
grounding  coni’ igurat ions  end  measuring  tech¬ 
niques  -.nat  were  investigated  a  comparison  of 
a  single  loop  and  double  loop  applied  current 
return  path  was  made.  Originally,  it  was 
thought  that  the  current  returning  to  the  air¬ 
craft  transient  analyzer,  after  flowing  through 
the  aircraft,  would  be  in  such  close  proximity 
to  the  aircraft  as  to  create  an  electromagnetic 
field  of  an  intensity  that  would  influence  the 
induced  voltages  on  the  aircraft  electrical 
circuits.  This  proximity  effect  was  not  ob¬ 
served  during  the  geometric  model  tests  and 
was  not  observed  during  the  preliminary  out¬ 
door  tests. 

To  simplify  the  test  setup  it  was  found 
that  #6  insulated  cable  could  be  substituted 
for  the  aluminum  foil  current  return  path  to 
the  transient  analyzer  with  only  a  slight 
increase  in  total  circuit  inductance.  This  in¬ 
sulated  cable  was  found  to  be  much  easier  to 
work  with  and  insured  an  isolated  current  patn 
back  to  the  negative  side  t>f  the  generator  ca¬ 
pacitors  . 

FIELD  TESTS  AT  CHINA  LAKE  NAVAL  WEAPONS  CENTER 

After  the  tryout  of  the  aircraft  tran¬ 
sient  analyzer  in  the  outdoor  area  of  the  High 
Voltage  Laboratory ,  the  measurement  technique 
was  used  on  a  complete  aircraft.  This  air¬ 
craft,  an  F89-J  fighter,  was  located  at  the 
Naval  Weapons  Center  at  China  Lake,  California. 

The  objective  of  the  tests  at  China  Lake 
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FIGURE  0-  COMPARISON  OF  COAXIAL  AND  DIFFERENTIAL  MEASUREMENT  TECHNIQUES 
FOR  MEASURING  LIGHTNING  INDUCED  VOLTAGE  ON  AIRCRAFT 
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MEASUREMENT  SYSTEM  USED  WITH  AIRCRAFT  TRANSIENT  ANALYZER  TEST  TECHNIQUE. 


*r^i^rc  j 


CHANNEL  "A"  LEAD 


PEARSON  MODEL  IIOA 
CURRENT  TRANSFORMER 


TO  OSCILLOSCOPE 


CHANNEL'S  LEAD 


ALUMINUM  BOX  TO  PROVIDE 
SHIELDING  AND  SUPPORT  FOR 
CURRENT  TRANSFORMER 


FIGURE  10-  DESCRIPTION  OF  MEASUREMENT  OF  SHORT  CIRCUIT  INDUCED 
CURRENTS  ON  AIRCRAFT  ELECTRICAL  CIRCUITS 


FIGURE  !i*  CERENT  TRANSFORMER  IN  RETURN  CONNECTION  TO 
AIRCRAFT  TRANSIENT  ANALYZER  USED  FOR  MEASURING 
SIMULATED  LIGHTNING  CURRENT 
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Naval  Weapons  Center  was  to  try  the  test  tech¬ 
nique  in  a  realistic  application  and  compare 
results  obtained  in  the  High  Voltage  Labora¬ 
tory  on  the  F89-J  wing  with  results  obtained 
on  a  complete  F89-J  aircraft.  The  test  setup 
at  China  Lake  is  shown  in  Figure  12, 

COMPARISON  OF  RESULTS  -  For  comparison 
tests  the  simulated  lightning  current  was  in¬ 
jected  onto  the  right  wing  of  the  F89-J  air¬ 
craft  at  points  similar  to  those  used  on  the 
F89-J  wing  at  the  High  Voltage  Laboratory. 

The  current  was  taken  off  the  aircraft  at  the 
root  end  of  the  wing  of  the  F89-J  aircraft  at 
China  Lake. 

Figure  13  shows  oscillograms  of  simulated 
lightning  currents  applied  to  the  forward  end 
of  the  right  wing  tip  tank  of  the  F89-J  wing 
in  the  High  Voltage  Laboratory  outdoor  area 
and  the  F89-J  aircraft  at  China  Lake  Naval 
Weapons  Center.  The  current  was  produced  in 
both  cases  by  the  aircraft  transient  analyzer. 
It  flowed  off  the  aircraft  at  t^e  root  of  the 
wing  in  both  cases. 

The  ma.v. imum  current  injected  in  the  wing 
at  the  High  ,'oltage  Laboratory  was  1832  am¬ 
peres.  The  maximum  current  applied  to  the 
F89-J  aircraft  at  China  Lake  was  1033  amperes. 
In  terms  of  a  proportionality,  the  High  Volt¬ 
age  Laboratory  current  was  1.77  times  greater 
than  the  China  Lake  current. 

Figuie  14  is  composed  of  resultant  open 
circuit  voltages  and  short  cir.uit  currents 
measured  on  Position  Light  Circuit  L.050,  con¬ 
ductor  2L10E18,  in  the  F89-J  wing  at  the  High 
Voltage  Laboratory  and  at  China  Lake. 

The  maximum  open  circuit  volteges  meas¬ 
ured  are  6  volts  on  the  wing  at  High  Voltage 
Laboratory  and  3  volts  on  the  aircraft  at 
China  Lake.  This  gives  a  ratio  of  2  to  1. 

The  maxiTum  short  circuit  currents  measured 
are  0.8  amperes  on  the  wing  at  High  Voltage 
Laboratory  and  .45  amperes  on  the  aircraft  at 
China  Lake.  This  gives  a  ratio  of  1.78  to  1. 

Comparing  the  induced  voltage  and  current 
ratios  to  the  ratio  of  applied  lightning  cur¬ 
rents,  a  nearly  linear  relationship  was  ob¬ 
served  between  induced  voltage  amplitudes  and 
applied  current  amplitudes. 

The  polarity  change  observed  between  the 
oscillograms  of  the  High  Voltage  Laboratory 
results  and  the  China  Lake  results  was  due  to 
reversed  connections  of  the  measurement  leads 
into  the  oscilloscopes.  The  positive  deflec¬ 
tions  are  the  correct  polarity. 

LIGHTNING  CURRENT  FLOW  PATH  -  Figure  15 
shows  various  lightning  current  flow  paths 
used  o.,  the  F89-J  aircraft  at  China  Lake.  It 
is  r_,ted  t-hat  the  current  injection  point  is 
the  same  in  all  three  cases,  Position  fl  1,  the 
forward  end  of  the  tip  tank.  The  flow  puth 
with  the  lightning  current  passing  through  the 
right  wing,  Figure  Ipa,  repeats  the  flow  path 
used  on  the  F89-J  wing  at  the  High  Voltage 
Laboratory.  A  more  realistic  flow  path  is 
with  t' e  lightning  current  passing  from  wing 
tip  to  wing  eip  as  shown  in  Figure  15b. 


Figure  15c  is  another  possible  flow  path.  The 
simulated  lightning  current  used  for  these 
flow  path  tests  had  a  6.7  x  18.2  microsecond 
wave  shape  with  a  peak  current  of  1000  amperes. 

Figures  16  and  17  show  induced  voltages 
and  currents  measured  on  the  Position  Light 
Circuit,  L.050,  conductor  2I.10E18,  using  the 
three  different  lightning  current  flow  patl.s. 
This  data  illustrates  voltages  induced  in  the 
light  circuit  in  the  right  wing  is  solely  a 
function  of  the  current  flow  through  that  wing 
and  is  not  measurably  influenced  by  the  cur¬ 
rent  flow  situation  in  other  parts  of  the  air¬ 
frame  where  this  circuit  does  not  ex'st.  The 
subsequent  lightning  current  flow  paths 
through  the  rest  of  the  airframe  and  external 
return  path  have  no  measurable  affect  on  the 
voltage  induced  in  the  right  wing  light  cir¬ 
cuit,  as  can  be  seen  in  figures  16  and  17. 

Only  current  flowing  in  the  portion  of 
the  airciaft  enclosing  the  circuit  in  question 
is  effective  in  causing  an  induced  voltage  in 
tnat  circuit.  The  factors  that  influence  the 
magnitude  anu  wave  shape  of  the  induced  volt¬ 
ages  are  listed  in  Table  3. 

POSITION  OF  A  CIRCUIT  IN  RELATION  TO 
APPLIED  CURRENT  ATTACHMENT  POINT  -  To  illus¬ 
trate  some  of  the  factors  that  influence  the 
magnitude  of  voltage  induced  on  a  circuit, 
Figure  18  shows  induced  voltages  on  the  Posi¬ 
tion  Light  circuit,  L.050,  conductor  2L1CL18, 
with  the  lightning  current  being  injected  at 
points  shown  on  Figure  19,  An  appl 'ed  current 
waveshape  of  7.4  x  20.5  microsecond!!  at  a 
maximum  value  of  i033  amperes  was  used. 

For  Position  1,  a  maximum  induced  voltage 
of  3  volts  was  measured.  This  waveshape  can 
be  seen  on  Figure  14.  Positions  2  to  5  are 
shown  on  Figure  18.  The  induced  voltage  is 
drastically  reduced  when  the  lightning  current 
i3  injected  in  the  wing  instead  of  the  wing 
tip  fuel  tank.  Current  flowing  down  the  fuel 
tank,  plus  wing-to-tank  bonding  resistance, in¬ 
fluences  the  induced  voltage  on  the  ligut  cir¬ 
cuit  Injecting  the  current  at  Positions  2*3 
creates  a  rower  induced  voltage  due  to  the  lo¬ 
cation  of  the  circuit  run  and  the  shielding 
afforded  by  the  wing  structure.  Currents  in¬ 
jected  at  Fbsitions  4  or.d  5  provide  less  influ¬ 
ence  on  the  circuit  due  to  location,  shielding 
and  length  of  circuit  influenced  by  the  light¬ 
ning  current, 

INDUCED  VOLTAGE  SCALING  RELATIONSHIP 

On  comparing  induced  measurements  made  at 
the  High  Voltage  Laboratory  with  measurements 
made  at  China  Lake,  a  nearly  linear  relation¬ 
ship  was  found  between  lightning  current  ampli¬ 
tude  and  irduced  voltage  amplitude.  However, 
complete  linearity  when  comparing  measured  re¬ 
sults  was  not  observed.  The  basis  for  a 
discrepancy  wa3  investigated. 

One  possible  cause  of  measurement  dis¬ 
agreements  was  test  configuration  variation. 

The  measurements  being  compared  were  always 
made  on  the  same  F89-J  wing  circuit  (L.050) 
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SIMULATED  LIGHTNING  CURRENT  APPLIED  TO  F89-J  WING 
AT  HIGH  VOLTAGE  LABORATORY 

1832  AMPS  MAX 

833  AMPERES/DIV  5/iSEC/DIV 

Simulated  lightning  current  applied  to  F89-J 

WING  AT  CHINA  LAKE 

1033  AMPS  MAX 


333  AMPERES/DIV  5fiSEC/DIV 

FIGURE  13 -SIMULATED  LIGHTNING  CURRENT  APPLIED  TO  THE  RIGHT  WING  TiP 
TANK  OF  THE  F89-J  WING  IN  THE  HIGH  VOLTAGE  LABORATORY 
OUTDOOR  AREA  AND  THE  F39-J  AIRCRAFT  AT  CHINA  LAKE 
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MEASURED  ON  WING  AT  HIGH  VOLTAGE  LABORATORY 


OPEN  CIRCUIT  VOLFAGE,  e 


oc 


SHORT  CIRCUIT  CURRENT,  lsc 


5  VOLTS/DIV 


5/i  SEC/DiV  0.5  AMPERES/DI  V 


5/i  SEC/DiV 


MEASURED  ON  F89-J  AT  CHIN/.  LAKE 


OPEN  CIRCUIT  VOLTAGE,  80C 


SHORT  CIRCUIT  CURRENT,  i 


sc 


5  VOLTS/DIV 


5^S£C/D!V  0.5  AMPERES/DIV 


)/iSEC/DIV 


NGURr  14  -  COMPARISON  OP  OPEN  CIRCUIT  VOLTAGES  AND  SHORT  CIRCUIT  CURRENTS 
MEASURED  ON  CIRCUIT  L.050,  CONDUCTOR  2LI0EI8,  IN  THE  F83-J  WING 
AT  THE  HIGH  VOLTAGE  LABORATORY  AND  AT  CHINA  LAKE  NAVAL  WEAPONS 
CENTER 


AIRCRAFT 

TRANSIENT 

ANALYZER 


(a) 

LIGHTNING  CURRENT  PASSED  THROUGH  RIGHT  WING  ONLY 


LIGHTNING  CURRENT  PASSED  FROM  WING  TIP  TO  WMG  TS* 


FIGURE  15-VARIOUS  LIGHTNING  CURRENT  FLOW  PATHS  USED  ON  F89-J  AIRCRAFT 
AT  CHINA  LAKE 


I  VOLT/OIV 


5/tSEC/DIV 


LIGHTNING  CURRENT  PASSED  FROM  RIGHT  WING  TO  TAIL 


I  VOLT/DIV  SfL  SEC/DIV 


FIGURE  16- COMPARISON  OF  INDUCED  VOLTAGES  ASSOCIATED  WITH  VARIOUS 
LIGHTNING  CURRENT  PATHS.  CIRCUIT  L.050  POSITION  LIGHTS 
CONDUCTOR  2LI0EI8 


LIGHTNING  CURRENT  BUSSED  THROUGH  RIGHT  WING  ONLY 


LIGHTNING  CURRENT  PASSED  FROM  WINGTIPTOWING  TIP 


0.5  AMPERE/DIV  5/iSEC/DIV 

UGHTNMG  CURRENT  PASSED  FROM  RIGHT  WING  TO  TAIL 


0.5  AMPERE/DIV  5/iSEC/DIV 


FIGURE  17 -COMPARISON  OF  INDUCED  CURRENTS  ASSOCIATED  WITH  VARIOUS  LIGHTNING 
CURRENT  PATHS.  CIRCUIT  L.050  POSITION  LIGHTS  CONDUCTOR  ci\OW 


POSITION  #2 


OUTBOARD  LEADING  EDGE 


0.2  V/DIV.  0.54  VOLTS  MAX,  5^ s/CHV 


POSITION  *3 

TRAILING  EDGE  OF  AILERON 


0.2V/DIV.  0.26  VOLTS  MAX.  s/DIV. 


POSITION  *4 
CENTER  OF  WING  SURFACE 


C.2 V/DIV  0.22  VOLTS  MAX  5p  s/DIV. 


POSITION  *5 
INBOARD  LEADING  EDGE 


0.2  V/DIV.  0.1  VOLTS  MAX.  s/DIV. 


FIGURE  18- OPEN  CIRCUIT  INDUCED  VOLTAGES  MEASURED  ON  CIRCUIT  L.050  POSITION 
LIGHTS  CONDUCTOR  2LICEI3  USING  FAST  SIMULATED  LIGHTNING  CURREH' 
WAVE  (7.4  x  20.5  p  SEC)  INJECTED  AT  POINTS  DESIGNATED  ABOVE. 
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FIGURE  19-  SimulATED  LIGHTNING  STROKE  LOCATIONS  ON  F89-.J 
AIRCRAFT-CIRCLED  NUMBERS  INDICATE  LOCaHONS 
SELECTED. 


TrtMe  3  -  Factors  That  Influence  the  Magnitude  and 
Wave  Shape  of  Induced  Voltages 


Influencing 

Factors 

Influencing 

Characteristics 

length  of  circuit 

«  longer  length  circuit  can  have  a  larger  voltage  induced  on  it  uue  to 
an  increase  in  the  effect  of  lightning  current  on  the  circuit. 

pos'tion  of  circuit 

Although  this  factor  can  have  many  characteristics ,  the  main  one  its 
the  amount  of  exposure  to  the  electromagnetic  fields  that  the  circuit 
would  have  in  its  position  la  the  aircraft. 

shielding  of  circuit 

Adequate  circuit  shielding  can  be  accomplished  by  utilizing  the  metal¬ 
lic  structure  (position  cf  circuit)  or  placing  the  circuit  conductors 
in  conduit  or  Metal  sheath,  such  as  coaxial  cable. 

thickness  of  aircraft 
skin 

The  shielding  afforded  by  the  aircraft  skin  and  also  the  rate  of  dif¬ 
fusion  of  the  current  through  the  skin  (skin  effect). 

composition  of 
aircraft  skin 

All  aluminum  atruei  provide  more  shielding  of  electrical  circuits 

than  no  metallic  or  rend -metallic  structures. 

wave  shape  of 
lightning  current 
impulse 

Rise time  and  total  duration  of  the  lightning  current  are  the  main 
factors.  Faster  risetii.es  can  induce  larger  voltages  in  ciicuits. 

amplitude  of  lightning 
current  impulse 

Tne  larger  the  applied  lightning  current,  the  larger  the  induced 
voltage. 

lightning  attachment 
point  relative  to 
circuit  position 

If  an  electrical  circuit  Is  positioned  close  to  the  point  where  a 
lightning  stroke  attaches  itself  to  an  aircraft  structure^ the  in¬ 
fluence  of  the  lightning  current  on  that  circuit  is  greater  than 
if  the  lightning  stroke  '?  further  away  from  the  circuit. 

but  there  were  two  tee*  circuit  configurations* 

(1)  F39-0  wing  cut  nidi?  in  the  High  Volt¬ 
age  Laboratory's  outdoor  test  area  with  the 
root  end  covered  by  copper  screen  end  a  sepa¬ 
rate  shielded  measurement  erciosure. 

(2)  Wing  attached  to  F89-J  fuselage  in 
complete  aircraft  test  at  China  Lake  with  a 
separate  shielded  measurement  enclosure. 

In  each  case  above,  the  major  variation 
is  the  shielding  configuration  at  the  root  end 
becomes  a  significant  part-  of  the  magnetic  cir¬ 
cuit  and  could  cause  the  difference  ob¬ 
served  in  the  induced-voltage  measurements 
measured  on  the  same  wing  circuit  under  the 
different  test  configuration. 

For  example,  measurements  made  in  the  High 
Voltage  Laboratory  on  the  wing  cn  the  position 
lamp  circuit,  L.050,  were  made  at  the  circuit- 
terminating  connector  Within  the  wing  root, 
whereas  the  China  Lake  measurements  on  the 
same-  circuit  were  made  at  a  bulkhead  connector 
in  the  cockpit,  thus  including  an  additional 
segment  of  the  cable  in  the  circuit. 

On  tb">  other  hand,  when  measurements  were 
made  at  different  lightning  current  amplitudes 
on  the  sane  test  configuration,  a  linear  scal¬ 
ing  relationship  is  much  more  evident.  This  is 
shown  in  Figure  20,  The  F89-J  wing  at  this 
time  was  positioned  in  the  outdoor  area. 

In  each  test  configuration  mentioned  above 
care  was  taken  to  obtain  low-  noise  measurements . 
The  efforts  to  eliminate  extraneous  noise  re¬ 
sulted  in  induced-voltage  measurements  that 
were  accurate. 

CONCLUSIONS 


Depending  cn  the  accessibility  of  the  circuitry 
to  be  tested  a  day  of  set-up  tine  is  all  that 
is  needed.  This  involves  no  so  .ifications, 
either  electrical  or  mclmnical  to  the  air¬ 
craft.  All  measurement  leads  are  clip-on  type 
and,  if  needed,  require  only  the  use  of  mask¬ 
ing  tape  to  keep  the  leads  in  position. 

During  all  testing  the  structure  of  the 
aircraft  is  solidly  grounded.  If  need  be, 
this  permits  personnel  to  be  in  contact  with 
the  aircraft  and  stay  seated  in  the  cockpit 
during  the  time  that  the  lightning  current  is 
being  applied  to  the  aircraft. 

The  compactness  of  this  test  technique 
allows  the  use  of  only  two  people  to  run  the 
tests.  This  includes  the  operation  of  the 
transient  analyzer  and  the  meao'rrement  oscil¬ 
loscopes.  This  economy  of  use  of  personnel 
is  reflected  in  savings  in  total  costs. 

The  test  technique  allows  for  data  that 
can  be  accumulated  and  analyzed  immediately 
for  significant  problem  areas  and  areas  for 
further  study, 
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This  program  is  based  on  the  development 
of  a  technique  to  be  used  for  investigating 
the  effect  of  lightning  currents  on  aircraft 
electrical  circuits. 

Thi3  test  technique  can  be  used  on  any 
aircraft  now  i lying  today.  Due  to  the  low 
currents  used  to  induce  voltages  in  the  air¬ 
craft  circuitry  there  is  no  deterioration, 
either  electrical  or  mechanical,  of  the  air¬ 
craft  under  test. 

The  portability  of  the  technique  allows  the 
convenience  of  choosing  the  location  where  the 
aircraft  will  be  tested.  All  commercial  and 
military  airports  can  adequately  provide  tin- 
support  facilities  needed  for  rhie  type  of 
testing,  110  volts  AC  is  the  only  power  re¬ 
quired  for  this  test  technique.  No  special 
step-up  transformers  or  rectifiers  are  re¬ 
quired  to  provide  power  to  the  aircraft  tran¬ 
sient  analyzer  and  the  irracvrerent  equipment, 
which  are  commercially  available  oscilloscopes, 

The  size  of  the  test  site  is  governed  only 
by  the  3ize  of  the  aircraft  to  be  tested.  Ad¬ 
ditional  space  is  needed  only  for  the  enclosure 
housing  the  measurement  instrument  ax  ?  or; .  The 
test  site  area  would  be  completely  enclosed  by 
rope  and  warning  signs  to  insure  personnel 
safety. 

The  time  from  arrival  on  the  test  site  tr 
actual  data  acquisition  is  very  short. 


561 


INDUCED  VOLTAGE  -  VOLTS 


200  400  600  800  1000  1200  1400 

SIMULATED  LIGHTNING  CURRENT- AMPERES 


FIGURE  20-  AMPLITUDE  OF  INDUCED  VOLTAGE  VERSUS  AMPLITUDE  OF  SIMULATED 
9  x  18  /iSEC  LIGHTNING  CURRENT  DISCHARGED  TO  LOCATION  NO.  I 
{FWO.  END  OF  WINS  TIP  FUEL  TANK!  OF  F89-J  WINS  AT  HIGH  VOLTAGE 
LABORATORY  OUTDOOR  TEST  AREA  USING  AIRCRAFT  TRANSIENT 
ANA1YZER. 
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Lightning  Protection  Approaches  For 
Helicopters 


J.  D.  Robb  and  J.  R.  Stahmann 
Lightning  &  Transients  Research  Institute 

ABSTRACT 

With  the  greater  use  of  helicopters  under 
instrument  conditions,  the  probability  of  light¬ 
ning  strikes  considerably  lucres ses.  Although 
very  little  protection  development  has  been 
carried  out  to  date,  initial  protection  ap¬ 
proaches  have  been  developed  based  on  damage 
analysis  from  in-flight  strikes  and  laboratory 
testing.  Special  consideration  must  be  given  to 
the  problems  unique  to  helicopters.  These  in¬ 
clude: 

a.  greater  inherent  structural  vulner¬ 
ability  because  of  the  neca»*.srily  light  weight 
blade  construction, 

b.  greater  shock  hazards  to  pilots  because 
of  the  larger  window  areas,  and 

c.  greater  exposure  of  the  electrical/ 
electronic  circuitry  to  thunderstorm  electro¬ 
magnetic  field  effects  because  of  the  more  open 
constructive. 

The  most  critical  problem  Is  probably  blade 
protection  because  of  their  light  weight  and  high 
relative  probability  of  being  struck. 

The  two  major  approaches  for  blade  protec¬ 
tion  include: 

a.  protection  provisions  to  keep  the  light¬ 
ning  strike  energies  on  the  blade  exterior  and 

b.  if  the  stroke  can  pass  through  the  blade 
interior,  provision  of  sufficient  conductor  cress 
sectional  area  so  that  no  major  !nterual  spark¬ 
ing  results.  Techniques  for  e.oc.’-olishing  this 
are  suggested, 

A  VERY  LIMITED  AMOUNT  of  lightning  protection 
development  has  been  carried  out  for  helicop¬ 
ters.  Early  helicopters  have  been  relatively 
simple 'vehicles  intended  for  VPR  operations, 
However,  with  the  greatly  extended  use  of  modern 
helicopters  for  loth  commercial  and  military 
operations,  they  lend  to  be  used  mere  and  more 
under  increasingly  adverse  weather  conditions 
and  lightning  strikes  become  much  more  probable. 

Many  years  of  experience  with  lightning 
strikes  to  fixed  wing  aircraft  have  1;  licated 
that  it  io  not  possible  to  predict  a  large 
percentage  of  lightning  strikes  unless  opera¬ 
tions  are  limited  to  nearly  clear  sky  condi¬ 
tions.  A  significant  proportion  of  strikes  do 
occur  in  other  than  known  thunderstorm  condi¬ 
tions,  for  example,  below  or  between  stratus 
layers.  Pilots  report  being  aware  of  no 
lightning,  other  than  the  strike  that  hit  the 
aircraft. 

Commercial  airline  jet  aircraft  are 
struck  quite  often.  This  averages  about  one 
strike  per  3,000  flight  hours  which  requires 
repair.  Thus,  in  spite  of  a  rather  extensive 
amount  of  lightning  protection  effort  and 


development,  there  still  remains  approximately 
one  damaging  lightning  strike  per  year  for 
each  eessuercial  aircraft.  It  should  be  noted 
that  most  lightning  damage  tc  commercial  Jet 
air  raft  does  not  involve  safety  of  flight  and 
ia  accepted  as  cheaper  to  repair  than  protect, 
for  example,  a  hole  in  Che  wing tip.  Kith  long- 
range  jet  operations,  this  decreases  somewhat 
because  of  the  greater  percentage  of  time  at 
high  altitude,  but  it  is  also  probable  that 
many  I'.&hrnii.  <  strikes  are  not  reported  be¬ 
cause  the  strike  did  not  produce  sufficient 
disturbance  to  justify  a  thorough  investiga¬ 
tion  of  the  vehicle  Cor  evidence  of  damage. 
However,  it  should  be  noted  that  these  low 
magnitude  strikes  such  as  occur  in  the  upper 
cloud  regions  and  wnich  are  probably  not  pre¬ 
sently  reported  could  be  serious  with  newer 
types  of  materials,  such  as  the  fiberglass  and 
boron  or  graphite  epoxy  composite  materials. 

With  increasing  helicopter  flight  opera¬ 
tions  under  adverse  weather  conditions,  the 
need  for  some  lightning  protection  becomes 
necessary,  particularly  in  view  of  the  great 
importance  in  helicopter  design  attached  to 
weight  reduction  and  the  resulting  tendency 
for  much  greater  use  of  non-metallic  structure. 
Analysis  of  s  recent  helicopter  accident  has 
resulted  in  Increased  lightning  testing  of 
helicopter  blades  and  the  development  of  some 
lightning  protection  methods  for  helicopters. 

As  noted,  relatively  little  lightning 
protection  development  has  been  carried  out 
for  helicopters  to  date  with  the  exception  of 
some  earlier  work  by  LTRI  done  for  a  few 
companies.  Therefore,  the  following  material 
represents  essentially  a  brief  summary  of  both 
the  limited  development  carried  out  to  date, 
specifically  on  helicopters,  with  suggested 
lightning  protection  approaches  based  on  all 
lightning  damage  experience  for  fixed  and 
rotery  wing  aircraft,  as  the  damage  is  a  func¬ 
tion  primarily  of  the  type  of  construction, 
not  the  type  of  vehicle. 

LIGHTNING  STROKE  DEVELOPMENT  AND  CONTACT 
MECHANISMS 

In  considering  the  mechanisms  of  possible 
lightning  stroke  damage  to  helicopters,  it  is 
useful  to  review  the  basic  mechanisms  of 
stroke  contact.  A  natural  lightning  discharge 
initiates  from  a  charge  region  in  a  cloud  in 
the  form  of  a  step  leader  which  advances  in 
approximately  50  meter  steps  toward  another 
charg’d  region  or  toward  the  earth  as  illus¬ 
trated  in  Figure  1.  In  some  cases,  the  heli¬ 
copter  triggers  a  lightning  discharge  which 
would  not  have  occurred  otherwise,  and  in  some 
cases  it  merely  diverts  the  discharge  slightly 
out  of  its  normal  path  so  that  Che  stroke 
passes  through  the  vehicle. 

When  the  step  leader  contacts  th«  earth 
or  another  charge  region,  the  existence  of  an 
ionised  conducting  path  between  the  earth  and 
the  charge  region  (or  two  oppositely  charged 
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Figure  1.  Mechanism  of  stroke  contact  and  passage  through  helicopter. 
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regions  in  the  cloud  to  cloud  strokes)  results 
in  a  current  pulse  in  the  ions  of  on  ionization 
wave  which  travels  back  up  the  step  leader 
path  to  the  initiating  charge  region  in  the 
cloud.  Thu  high  current  ionizing  wave  is 
referred  to  as  the  "return  stroke"  and  consists 
of  a  fast-rising  high-current  surge.  This  is 
often  followed  by  continuing  currents  of  100 
to  1000  ampheres  which  may  last  up  to  one 
second  followed  sometimes  by  high  current 
restrlkes. 

As  a  step  leader  approaches  the  vehicle, 
the  intense  voltage  existing  between  its  tip 
and  the  aircraft  induces  streamers  and  intense 
ionization  off  all  the  aircraft  external  sur¬ 
faces,  particularly  from  the  extremities. 

Figure  2  shows  the  streamerlng  off  a  model 
helicopter  subjected  to  intense  electric  fields 
in  the  laboratory.  When  the  step  leader  con¬ 
tacts  one  of  the  vehicle  extremities  through 
the  streamer,  the  vehicle's  potential  is 
immediately  raised  to  the  extreme  potential 
of  the  lightning  discharge  and  additional 
streamerlng  takes  place  from  the  opposite 
extremities  of  the  vehicle  to  form  the  step 
leader  for  the  continuation  of  the  stroke 
path  to  another  charge  region  or  to  the  earth. 

The  several  phases  in  the  propagation  mechan¬ 
isms  of  the  natural  lightning  stroke  to  and 
through  the  helicopter  are  illustrated  in 
Figure  3. 

It  should  be  noted  that  in  any  case  of 
significant  damage  to  a  helicopter  the  dis¬ 
charge  passed  through  the  vehicle,  end  did  not 
initiate  from  it  «.r  terminate  on  it  as  may  be 
shown  by  energy  and  charge  calculations, 

Appendix  I.  The  differeut  phases  of  the  dis¬ 
charge  are  illustrated  in  the  photograph  of 
Figure  4,  which  shows  a  triggered  natural 
lightning  discharge  to  the  LTRI  Research 
Vessel  Thunderbolt  taken  from  a  distance  of  10 
meters.  The  typical  current  waveform  is 
illustrated  below. 

As  the  vehicle  moves  past  the  relatively 
stationary  ionized  stroke  channel,  the  stroke 
sweeps  over  the  helicopter  permitting  contact 
at  nearly  any  point  behind  the  forward  strike 
points.  The  effect  is  complicated  by  the  com¬ 
plex  motion  of  the  blades  and  the  helicopter; 
however,  this  means,  in  effect,  that  nearly  any 
type  of  lightning  stroke  component  may  be 
expected  at  a  midchord  midspan  blade  region  or 
any  area  of  the  fuselage.  The  speed  of  the 
step  leader  is  such  that  the  blades  are  rela¬ 
tively  stationary  during  the  formative  stages 
but  as  the  continuing  components  of  the  stroke 
may  last  for  most  of  a  second,  several  blade 
revolutions  are  possible  during  a  single  stroke. 

LIGHTNING  DAMAGE  MECHANISMS  TO  MATERIALS 

METAL  SKINS  -  Lightning  effects  on  metal 
skins  arc  of  primary  concern  in  fuel  tank  areas. 
Lightning  damage  occurs  because  the  skit,  at  the 
lightning  strike  point  is  unable  to  carry  the  dis¬ 
charge  current  without  heating  the  metal  to 


the  melting  or  vaporization  temperatures. 

The  skin  may  be  heated  by  thermal  contact  with 
the  arc  temperature  of  23,000*f  or  by  resis¬ 
tance  heating  of  the  skin  by  the  lightning 
current  flow. 

For  aircraft  aluminum,  tho  low  melting 
temperature,  1100*F,  acts  as  a  thermal  reser¬ 
voir  to  limit  the  temperature  of  the  phese 
boundry  between  the  molten  and  solid  aluminum. 
Thib  liquid  surface,  in  effect,  limits  the  heat 
transfer  into  the  skin,  l.e,,  the  heat  con¬ 
verted  into  the  heat  of  fusion  and  heat  of 
vaporization.  The  ability  of  the  skin  to  with¬ 
stand  the  high  thermal  arc  temperatures  (which 
at  25,000°C  far  exceed  the  melting  temperature 
of  the  skin  materials)  is  therefore  determined 
by  the  ease  with  which  it  can  transfer  the 
heat  away  from  the  arc  contact  point;  this,  in 
turn,  is  a  function  of  the  skin  thickness  at 
the  contact  point.  Because  of  good  conducti¬ 
vity  of  aluminum,  aircraft  skins  have  seldom 
shown  evidence  of  heating  except  at  the  arc 
point.  The  total  current-carrying  capability 
of  various  metal  skin  materials  is  a  function 
of  the  resistivity,  specific  heat,  heats  of 
fusion  and  vaporization,  ambient  conditions 
and  many  other  factors. 

DIELECTRIC  COMPOSITES  -  For  dielectric 
composites,  (conventional  fiberglass  materials 
used  in  blades  and  general  structures),  the  re¬ 
sistivity  is  so  high  that  lightning  potentials 
will  generally  flash  over  the  external  surface 
unless  guided  into  the  interior  of  plastic 
structures  by  metallic  end  fittings,  buried 
conductors,  or  by  poor  construction  of  the 
plastic  boundaries  (poor  from  a  lightning  point 
of  view)  as  illustrated  In  Figure  5a.  The  arc 
produces  vaporization  of  the  resins  along  the 
path  and  intense  gas  pressures,  particularly 
when  confined.  In  providing  lightning  pro¬ 
tection  for  plastic  surfaces,  therefore,  the 
principal  problem  is  to  ensure  that  the  light¬ 
ning  is  discharged  over  the  outside  surface  of 
the  vehicle.  Lightning  discharge  arcs  inside  a 
vehicle  cen  produce  serious  structural  damage. 

CONDUCTING  COMPOSITES  -  Unprotected  con¬ 
ducting  composite  skins,  such  as  born  and 
graphite  epoxy,  are  inherently  more  vulnerable 
to  lightning  damage  than  dielectric  composites, 
such  as  fiberglass  honeycomb,  because  heat 
energy  is  developed  in  the  conducting  layers  to 
add  to  the  total  energy  and  the  quantity  of 
valorized  renin  which  produces  the  overpressure 
as  illustrated  in  Figure  5b. 

Pressures  from  discharges  to  dielectric 
materials  (or  metals)  fall  off  rapidly  with 
distance  from  the  penetration  point  by  virtue 
of  the  increasing  frontal  area  of  the  wave 
(the  energy  is  distributed  over  a  greater  area). 
However,  the  directionally  oriented  filaments 
of  the  conducting  composites  channel  the 
energy  along  the  filamentary  directior  to  pro¬ 
duce  relatively  much  greater  areas  of  damage. 
This  effect  depends  of  course  on  the  type  of 
composite  and  layer  orientations.  Considerable 
efforts  have  been  directed  toward  protection 
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Figure  4.  Photograph  and  oscillogram  of  triggered  natural 
~  lightning  discharge  Illustrating  typical  high  current 

return  stroke,  continuing  currents  and  multiple 
restrikes. 


a.  Dielectric  comro&i t.e  skin  and  core  (fiberglass) 


Lightning 

discharge 


Stroke  can  move  laterally 
through  core  to  produce 
extensive  damage 


mm 


Strike  must  puncture 
to  conductor  inside 
skin 


b.  Conducting  composite  skin  (boron  or  graphite  epoxy)  dielectric  core 


Lightning  currents  flow  in  conducting  skin  and  over  conducting  skin. 
Energy  developed  in  skin  by  joule  heating  extends  damage. 


C.  Dielectric  or  conducting  composite  skin,  metal  honeycomb  core 


Lightning  current  by-passes  conducting  or  dielectric  composite 
skin  to  metal  honeycomb  core  producing  exploding  wire  type 
shock  wave  sour<  e. 


Figure  5  'lightning  damage  mechanisms  for  unprotected  dielectric 

and  conducting  composites  (fiberglass  and  boron  or  graphite 
epoxy. 
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and  a  variety  of  effective  protection  schemes 
have  been  developed. 

Also  of  Importance  in  evaluating  possible 
damage  is  the  way  in  which  the  material  is 
used.  For  example,  either  conducting  or 
dielectric  composite  material  over  aluminum 
honeycomb  core  can  result  in  puncture  of  the 
composite  material,  with  principal  current 
cjnduction  through  the  aluminum  honeycomb  core 
producing  aluminum  vapor  and  an  "exploding 
foil"  shock  wave  Inside  the  structure  as  shown 
in  Figure  Sc.  The  exploding  foil  is  similar 
to  the  exploding  wires  used  to  drive  hyper¬ 
sonic  shock  tubes.  Because  the  resistance 
inside  the  section  through  the  aluminum  honey¬ 
comb  core  is  much  lower  than  through  the  skin, 
most  of  the  current  flow  through  the  aluminum 
foil  will  vaporise  it  and  produce  extensive 
dwage. 

Calculated  values  for  energy  developed,  in 
various  materials  by  a  moderately  severe 
lightning  stroke  current  are  presented  in 
Table  I  for  a  section  of  material  approximately 
6  inches  square  by  0.040  inch  thick,  with  the 
current  applied  across  the  two  opposite  edges. 
The  lightning  current  waveform  used  in  the 
examples  represents  a  moderately  severe  natural 
lightning  discharge  and  reaches  a  crest  of 
100,000  ampheres  in  10  microseconds  and  decays 
to  half  value  in  about  25  microseconds.  As  may 
be  seen,  the  energy  developed  in  the  metals  is 
relatively  low  compared  to  that  developed  in 
the  boron  and  graphite  epoxy  materials. 

Also  of  importance  is  the  location  where 
composite  materials  are  to  be  used.  Where  they 
are  not  used  for  primary  structures,  as  in 
leading  or  trailing  edges,  loss  of  extensive 
sections  may  not  always  Introduce  hazards  to 
flight.  The  cost  of  protection  in  terms  of 
weight  and  expense  can  then  be  traded  against 
the  cost  of  occasional  repair.  Where  the 
materials  are  used  for  primary  structures  and 
safety  of  flight  is  involved,  some  type  of 
protection  should  be  provided. 

Unfortunately,  methods  used  for  protecting 
plastic  sections  suen  as  radomes  are  not 
totally  etfectlve  for  conductive  composite 
materials  because  of  conductivity.  Conducting 
strips  are  usa.'.  on  radomes  and  other  plastic 
aeccions  to  attract  lightning  discharges  to 
the  diverter  strips  so  that  the  dischargee  do 
not  puucture  the  plastic  surfaces.  This 
diverter  effect  is  produced  because  intense 
momentary  electrical  gradients  exist  on  the 
strips  because  of  the  lack  of  conductivity  of 
of  the  adjacent  radome  material  (even  with 
antistatic  conducting  coatings  as  indicated 
in  Figure  6.)  The  electric  field  is  similar 
to  that  which  would  occur  with  the  protection 
strips  in  free  space  but  with  no  dielectric 
as  illustrated  in  Figure  6.  Some  composite 
t-ateriala  have  sufficient  low  resistance  that 
streamers  nearly  equi/alent  to  those  from  the 
metallic  stripe  will  be  produced,  with  little 
diverting  action  from  the  strips.  If  the  strips 
are  sufficiently  close  together,  a  few  inches 


for  example,  the  discharge  will  surface  flash 
to  the  protection  strip  from  the  contact  point 
ou  the  composite  thus  doing  little  damage. 

In  contrast  to  the  external  skin  which  is 
contacted  directly  by  lightning  stroke  arcs, 
metal  conductors  inside  an  aircraft  may  be 
required  to  carry  the  stroke  currents  but  do 
not  have  to  withstand  the  arc  temperatures. 
However,  other  effects  such  as  induccively 
coupled  potentials  and  magnetic  force 
effects  must  still  be  considered.  For  example, 
a  lightning  discharge  to  a  metallic  conductor 
connected  to  the  inside  of  a  plastic  section 
can  still  couple  large  voltages  into  wiring 
because  of  the  huge  magnetic  fields  present 
about  the  conductor.  Also,  the  currents  can 
produce  large  magnetic  forces  which  can  tear 
lightning  conductors  loose. 

The  potentially  most  damaging  type  of 
effect  other  then  sparking  in  fuel  systems  is 
the  internal  lightning  stroke  arc.  Metallic 
conductors  such  as  bonding  wires  from  external 
lightning  protection  strlpa  or  serosa  floating 
sections  of  the  vehicle  to  the  main  airframe, 
although  they  may  not  need  to  withstand  arc 
temperatures,  are  still  required  to  withstand 
the  huge  magnetic  force  effect  which  to  a  large 
extent  is  a  function  of  geometry.  Any  right 
angle  bends  in  the  conductor  can  produce 
forces  as  great  as  two  tons  to  pull  the  bonding 
jumper  loose  from  the  solderless  connector  to 
which  it  is  attached. 

The  massive  damage  which  has  been  observed 
on  large  aircraft  vertical  fin  antenna  systems 
with  fiberglass  insulation  gap's  is  due  to  mech¬ 
anisms  of  this  type  which,  because  of  inade¬ 
quately  installed  bonding,  develop  internal 
lightning  arcs  to  produce  explosive  pressures. 

The  effects  of  lightning  on  materials 
may  be  summarized  as  pitting,  melting  and  hole 
puncture  of  generally  limited  degree  in  metal 
sklr.s,  moderate  size  holes  in  dielectric 
composite  materials,  olightly  greater  areas 
of  damage  in  conducting  composite  materials 
and  In  explosive  structural  effects  where  the 
arcs  are  permitted  to  develop  for  any  substan¬ 
tial  distances  Inside  structures  of  cither  metal 
or  plastic. 

DAMAGE  TO  HELICOPTERS  FROM  LABORATORY  AND 
NATURAL  LIGHTNING  DISCHARGES 

Natural  lightning  strikes  and  laboratory 
test  discharges  have  demonstrated  pearly  total 
destruction  of  sore  fiberglass  blade  designs 
indicating  the  need  for  at  least  minimum 
artifical  lightning  discharge  tests  of  all 
helicopter  blades. 

As  indicated  in  previous  sections, of  par¬ 
ticular  concern  Is  the  development  of  internal 
arcs  which  can  produce  the  explosive  or 
catastrophic  effects  on  the  blades.  With 
metallic  components  such  es  control  rods  or 
wing  tip  lights,  which  can  lead  the.  stroke 
inside,  there  exists  the  possibility  of 
developing  internal  arcs.  Other  areas  of 


TABLE  I 


Calculated  Energy  in  Various  Materials 
from  100  Kiloampere  Current 


Material 

Energy-W 

Plastics 

W  =0  damage  from  external 

P  arc  energy  and  pressures 

Metals  , 

R  =  3  x  10  ohms 

W  =  /  I2R  dt 

m 

=  3  x  10"6  x  1.71  x  10  +5 
=  0.51  joules 

Boron  Epoxy 

R  -  8.5  x  10^  ohms 

Wb  =  8.  5  x  103  x  1.71  x  103 

=  1.45  x  109 
=  1450  megajoules* 

Graphite 

R  =  0.  025  ohms 

W  =  0.025  x  1.71  x  103 
g 

=  4280  joules 

*  Most  of  the  current  will  flashover  the  surface,  after  destruction 
of  the  material,  thus  greatly  reducing  the  effective  energy 
developed  in  the  material. 


**  Assuming  a  typical  lightning  waveform  with  a  rise  to  a  crest  of 
100,000  amperes  in  5  microseconds  and  a  decay  to  half  value  in 
25  microseconds,  the  current  wave  form  may  be  expressed 
mathematically  as  the  difference  of  two  exponentials. 


j  where  iQ  =  142  KA,  oC.  =  4.  4  x  10^  /sec.  /S  =  4.  6  x  103 

i  and  where  R  =  the  resistance  across  two  edges  of  a  sample  of  the 

;  material  6  inches  square  by  0.040  inches  thick.  The  energy  is  then: 

I  W  =  f  R  I2  dt  , 

t  =  R  x  1.71  x  10  joules. 


concern  include  the  metal  conducting  paths 
and  particularly  metal  to  metal  joints  such  as 
bearings  where  lightning  arcs  can  produce  a 
variety  o£  effects  from  total  welding  of 
small  ball  bearings  in  tbs  rac.es  to  pit  marks 
on  larger  bearings  which  c«,n  pcaeibly  result 
in  subsequent  frtigue  or  corrosion  induced 
failure. 

The  use  of  a  metal  spar  is  preferable 
from  a  lightning  point  of  view  as  it  provides 
a  continuous  lightning  path  from  the  blade 
extremity  to  the  hub,  but  it  does  not 
necessarily  provide  complete  lightning  pro¬ 
tection.  Adhesively  bonded  skin  on  blade 
boxes  may  be  separated  from  the  spar  to  pro¬ 
duce  unbalance  and  possible  subsequent  blade 
failure  from  air  flow  and  inertial  effects. 

In  summary,  lightning  stroke  currents  to 
helicopter  blades  can  produce  explosive 
damage  from  internal  area  whether  channeled 
into  the  blade  interior  througn  blade  tip 
lights,  anti-erosion  cuffs,  trim  tabs,  control 
rods  or  other  metallic  components  and  severe 
damage  can  be  produced  in  either  metal  or 
plastic  blades.  lu  general  the  use  ot  a  con¬ 
tinuous  metal  spar  for  the  blade  tip  to  the 
rotor  is  preferred.  Lightning  damage  to 
bearings  is  of  more  concern  with  small  bear¬ 
ings;  however,  pitting  of  larger  bearings  can 
result  in  possible  subsequent  fatigue  and 
corrosion  problems. 

Little  evidence  exists  of  natural  stroke 
damage  to  helicopter  fuel  systems;  however,  it 
is  reasonable  to  assume  that  helicopters  are 
not  immune  to  the  lightning  effects  on  fuel 
systems  which  have  been  observed  on  commer¬ 
cial,  military  and  general  aviation  aircraft. 

T.t  is  also  reasonable  to  assume  that  heli¬ 
copters  in  which  the  shielding  of  the  metal 
skin  Is  much  less  effective  because  of  the 
large  open  areas  should  be  susceptible  to  greater 
pulse  -oupling  tliau  fixed  wing  aircraft  and  sub¬ 
stantial  pulse  coupling  can  occur  into  electrical 
circuitry  even  on  commercial  airliners. 

PROTECTION  APPROACHES 

Probably  ..he  most  serious  aspects  of  the 
lightning  piotec'ion  problem  are:  (1)  the  fuel 
systems,  and  (2)  damage  to  structural  plastic 
sections  in  which  huge  energies  can  be 
developed,  producing  in  some  cases  nearly 
total  destruction.  For  the  fuel  systems,  a 
complete  checkoff  approach  should  be  considered 
in  which  only  lightning  tested  components  are 
used  including  plastic  fuel  tank  access  doors 
and  all  fuel  tank  components  which  are 
mounted  in  the  outer  tank  walls,  such  as  fuel 
probes,  fuel  filler  caps,  fuel  pumps,  dip 
sticks,  and  fuel  drain  valves.  Experience  with 
commercial  and  .military  aircraft  through  the 
years  indicates  that  fuel  systems  can  be 
exploded  and  that  one  military  fuel,  JP-4 ,  is 
probably  the  worst  from  a  lightning  strike  point 
of  view  as  it  is  flammable  (explosive)  in  the 
temperature  range  at  which  most  lightning 


strikes  occur.  Thus  all  lightning  induced 
sparking  should  be  suppressed  within  the  tank 
area.  Techniques  have  been  developed  for 
nearly  all  of  the  above  problems  for  fixed 
wing  aircraft  vhlcn  indicate  at  least  initial 
possible  approaches  for  helicopter  protection. 

As  an  illustration,  both  fiberglass  and  gra¬ 
phite  composites  can  utilize  external  conduct¬ 
ing  stripe  or  continuous  coatings  of  aluminum 
foil,  flame  spray  or  mean.  Shielding  wires 
can  be  utilize!  for  pilot  canopies  ar.d  for 
electrical  circuit  boards  covered  by  plastic 
sections.  Engine  controls  and  aircralt 
electrical  circuits  can  be  effect! "cly  pro¬ 
tected  against  induced  surges  wit*  protection 
devices  and  as  mentioned  a  variety  of 
techniques  are  available  for  protection  of 
fuel  systems,  including  lightning  proof  fuel 
filler  caps  and  new  access  door  designs.  The 
general  approaches  are  discussed  in  more 
detail  in  the  following  section. 

Plastic  fuel  tanks  predent  a  possible 
hazard  from  lightning  strike  puncture  and 
al8<-  from  induced  streamering  inside  the  fuel 
tank  from  nearby  lightning  strokes  or  light¬ 
ning  discharges  which  contact  extremetlea  of 
the  aircraft  not  even  necessarily  near  the 
tank  srea  as  illustrated  in  Figures  2  and  3. 

The  induced  streamering  which  con  he  produced 
inside  the  tank  and  the  possible  skin  punctures 
can  present  a  possible  hazard  as  evidenced  lu 
ignition  of  plastic  fuel  tanks  on  both  military 
and  civilian  aircraft.  Streamer  formation  inside 
fuel  tanks  is  illustrated  in  Figure  7.  Although 
this  remains  an  area  requiring  further 
development  at  least  an  initial  approach  would 
appear  to  be  the  utilization  of  an  external 
conducting  coat  of  flame  spray  aluminum, 
aluminum  foil  or  possibly  wire  mesh.  Also  the 
use  of  external  metallic  strips  is  not 
entirely  ruled  out  as  the  electric  field 
penetration  in  between  the  strips  should  be 
relatively  low  unless  metallic  components 
within  the  tank  are  quite  close  to  the 
internal  plastic  fuel  tank  wall  in  an  area 
unprotected  by  the  strips. 

One  other  area  of  concern  in  regard  to 
all  fuel  tanks  but  particularly  plastic  tanks 
is  the  problem  of  magnetic  flux  coupling  into 
wiring  loops  within  the  tank  to  produce 
magnetically  induced  voltages  as  illustrated 
in  Fig  ire  8.  This  is  a  much  more  difficult 
problem  to  solve  and  depends  upon  a  variety 
of  factors  such  as  geometries  of  the  wiring 
within  the  tank  and  the  location  of  the  tank. 

The  use  of  wiring  configurations  or  metal 
structure  in  which  loops  ore  not  formed  within 
tha  tank  should  reduce  the  effects  of  magnetic 
flux  coupling.  This  also  applies,  of  course, 
to  metallic  plumbing  used  in  the  tank;  again 
no  loops  should  be  usea  and  in  any  event  some 
type  of  lightning  tests  should  oe  carried  out 
on  the  tank  system. 

The  most  important  general  rule  for 
lightning  protection  development  of  all  air¬ 
craft  and  all  types  of  fuel  tank  components 
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is  that  lightning  tests  should  be  carried  out: 
for  r.onfidencs  in  the  design  because  of  the 
variety  of  lightning  current  waveshapes  and 
the  variety  of  effects  on  various  materials 
and  components.  Because  of  this  c^olexity, 
only  the  use  of  severe  artificial.  l*®  *-oing 
discharge  testing  can  give  confidence  that  the 
system  can  withstand  moderately  severe  n  >tural 
lightning  discharges. 

Helicopter  blades  represent  one  of  the 
most  probable  strike  points  on  a  helicopter 
and  as  such  requite  the  careful  consideration 
of  the  need  for  lightning  protection.  Consi¬ 
derations  can  generally  be  broken  up  into  the 
two  major  types  of  blades,  those  .)f  essen¬ 
tially  all  metal  construction  and  those  using 
total  or  partial  dielectric  or  conducting 
compoaite  materials.  The  important  criteria 
in  plcstic  blade  design  from  a  lightning  point 
of  view  is  to  keep  the  lightning  discharge 
currents  on  the  outside  of  the  blades  where 
they  can  do  little  damage  as  illustrated  in 
Figure  9.  If  currents  do  pass  through  the 
blade  interior  one  must  assure  that  they  can 
carry  maximum  lightning  currents  without 
serious  damage  or  hazard  to  the  blade.  This 
means  that  the  use  of  adhesive  bonding  for 
joining  metallic  skins  to  blade  spars  or 
trailing  edges  must  be  carefully  checked. 

Also  specific  protection  must  be  provided 
to  prevent  lightning  discharge  currents  from 
peeling  the  metal  skin  away  at  these  points 
where  the  windstream  can  possibly  amplily  the 
damage  to  catastrophic  proportions.  For  direct 
or  swept  natural  lightning  discharges,  however, 
the  all  metal  blade  theoretically  approaches  the 
optimum  solution  of  complete  electromagnetic 
shielding  providing  electrical  bonding  can  be 
maintained  between  the  various  blade  elements. 

It  should  also  be  noted  that  one  of  the  worst 
sources  of  precipitation-static  t>ne  radio  inter¬ 
ference  is  caused  by  electrically  floating 
metallic  sections  on  a  helicopter,  particularly 
if  they  are  in  areas  directly  contacted  by 
atmospheric  particles,  such  as  snow  or  dust, 
thus  bonding  of  metallic  components  on  the 
helicopter  blade  is  also  important  for  reduction 
of  radio  interference. 

For  blades  with  partial  or  total  composite 
materials  of  either  dielectric  or  conducting 
fibers,  provisi  i  must  be  made  to  keep  the 
lightning  stroke  energies  or  the  outside  of 
the  blade  or  to  provide  adequate  current 
paths  through  the  interior  a3  discharges 
through  inadequate  conductors  can  produce 
explosive  damage.  Metal  structure  should  be 
electrically  bonded  to  a  main  spar  if  cne  is 
used  or  tc  other  metal  parts  to  provide  a  con¬ 
tinuous  path  for  the  lightning  stroke  currents. 
Composite  external  skins  if  of  sufficient  arer 
will  require  external  protection  to  prevent 
swept  strokes  from  puncturing  into  the  blade 
interior. 

The  general  criteria  for  dielectric 
composites  has  been  derived  from  aircraft 
caddme  development  and  utilizes  the  parameter 


of  surface  flashover  versus  puncture  distance. 
For  a  dielectric  akin  with  a  given  dielectric 
puncture  strength,  a  specific  distance  between 
external  conductors  may  be  used  in  which  no 
puncture  will  occur  almost  independent  of  the 
aistance  from  which  external  electrical  dis¬ 
charges  approach  the  central  area  of  the  panel. 
The  higher  the  dielectric  strength  the  larger 
the  panel  may  be  without  danger  of  puncture. 

The  specific  exception  occurs  when  metal  parts 
are  located  very  close  to  the  ir.side  surface. 

For  the  average  fiberglass  skins,  because  the 
glass  fibers  to  resin  boundaries  are  somewhat 
porous,  the  dielectric  strengths  are  not  in 
general  very  high  and  relatively  small  panels 
must  be  used,  of  the  order  of  a  few  feet  square. 
With  conducting  composites  such  as  the  boron 
or  graphite  epoxies,  damage  can  also  be  done 
to  smaller  segments  and  therefore  protection 
must  be  provided  in  either  continuous  outer 
metallic  coatings  or  with  separated  strips. 

It  should  be  noted  that  this  is  based  on  pre¬ 
liminary  data  on  protection  of  conducting  com¬ 
posite.  materials  and  that  current  research  may 
provide  better  coatings  for  this  purpose. 

CONCLUDING  COMMENTS 

A  survey  of  lightning  hazards  and  protec¬ 
tion  for  helicopters  hae  indicated  that 
increasing  lightning  strikes  and  lightning 
damage  may  be  expected  on  helicopters  because 
of  the  increasing  use  of  plastics  and  conduct¬ 
ing  composite  materials  which  are  much  more 
vulnerable  to  lightning  damage  and  because  of 
the  increaring  exposure  of  helicopters  to 
instrument  weather.  Thus,  at  least  fuel 
systems  and  rotor  blade  assemblies  should  be 
checked  with  artificial  lightning  discharge 
currents  tc  assure  that  neither  control  systems 
nor  critical  structures  will  be  dangerously 
affected. 
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APPENDIX  I 


CALCULATIONS  OF  FRICTION  CHARGE  ENERGY  STORAGE  ON  HELICOPTER 

The  energy  storage  is  equal  to 

,  2 
W  -  A  CE 
2 

where  W  *>  energy  in  joules 

C  -  capacity  in  farads 
E  *  voltage  in  volts 

Energy  storage  for  typical  voltages  aid  capacities  is  shown  below: 

TABLE  OF  ENERGIES 


Helicopter 

Capacity 

nicofardb 


Helicopter  voltage  in  kilovolts 
50  100  200  AGO 


50 

=  125 

.5 

2. 

4.1 

100 

.250 

1.0 

4, 

8 

200 

.50 

2.0 

9. 

16 

400 

1.0 

4.0 

16. 

32* 

800 

2.0 

8.0 

32. 

64 

♦comparable  to  vacuum  tube  hi  fi  amplifier  filter  capacitor  -  500  pF  @  400  volts 


The  above  table  indicates  that  static  electrification  energies  are  equal 
to  a  few  tens  of  joules  maximum,  which  is  far  below  the  levels  required  to 
produce  structural  damage  of  significant  pitting. 
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ABSTRACT 

Application  of  active  and  passive 
systems  for  static  electricity  dissipa¬ 
tion  of  the  Heavy  Lift  Helicopter  dur¬ 
ing  cargo  hook  operations  is  discussed 
in  light  of  the  recent  flight  tests  ^.t 
Yuma  Proving  Ground. 

Active  dissipation  of  the  required 
current  into  the  surrounding  atmosphere 
appears  feasible,  whereas  accurate  sens¬ 
ing  of  the  helicopter  voltage  falls 
short  of  the  design  objective. 

The  feasibility  of  passive  dissi¬ 
pation  is  briefly  discussed  based  on 
resistance  measurements  of  the  Yuma 
Desert. 

WITH  THE  CONTRACT  AWARD  to  develop  ad¬ 
vanced  technology  components  for  the 
Heavy  Lift  Helicopter  (HLH) ,  The  Boeing 
Company  with  Stanford  Research  Institute 
(SRI)  as  subcontractor  got  the  assign¬ 
ment  to  solve  the  most  troublesome 
static  electricity  problem,  affecting  a 
helicopter,  namely? 

1 .  Potential  equalization  between 
the  helicopter  cargo  hook  or  cargo  at 
one  potential  and  the  ground  or  the 
cargo  handler  on  the  ground  at  another 
potential. 

The  design  objective  is  to  limit 
energy  transfer  on  contact  to  1  milli- 
joule.  Bor  a  heavy  lift  helicopter  of 
120,000  lbs  gross  weight  and  the  elec¬ 
tric  capacity  of  the  crder  of  2,000 
picofarads  this  is  equivalent  to  no  more 
than  about  1,000  volts  potential  differ¬ 
ence  . 

2.  All  previous  tests  have  indi¬ 
cated  that  the  natural  charging  rates 
are  of  the  order  of  300  microamperes  for 
a  40,000  lb  helicopter  gross  weight.  For 
the  120,000  lb  heavy  lift  helicopter  an 


estimated  charging  rate  of  600  micro¬ 
amperes  was  set  aP  the  design  objec¬ 
tive  for  dissipating  capability. 

The  design  objective  for  an 
active  automatic  system  can  be  stated 
therefore  as  follows*  Not  more  than  1 
millijoule  discharge  (potential  differ¬ 
ence  less  than  1,000  to  2,000  volts) 
under  600  microamperes  natural  charg¬ 
ing  conditions.  The  laboratory  tests 
at  SRI,  ground  tests  at  Vertol  and 
flight  tests  at  Yuma  are  described  in 
detail  in  the  paper  "Experimental  In¬ 
vestigation  of  Problems  Associated 
with  Discharging  Hovering  Helicopter" 
(Reference  1) .  in  this  paper  the  im¬ 
pact  of  the  test  results  on  the  solu¬ 
tion  of  the  HLH  cargo  hook  operation 
is  presented. 

ACTIVE  VERSUS  PASSIVE  SYSTEM 

There  are  two  basic  approaches  to 
solution  of  the  large  hovering  heli¬ 
copter  problem,  namely: 

1.  Actively  dissipating  proper 
polarity  and  amperage  charges  into  the 
surrounding  air  to  counteract  the 
natural  charging  of  the  helicopter. 

This  method  is  commonly  called  an 
active  system  since  a  high  voltage 
power  supply  is  used  to  produce  the 
discharge . 

2.  Reducing  the  helicopter  volt¬ 
age  by  means  of  passive  corona  points 
and  grounding  the  helicopter  by  means 
of  droplines  (passive  system) . 

At  the  first  glance  the  passive 
system  seems  more  attractive  since  it 
is  by  far  simpler,  safer,  less  expen¬ 
sive  and  more  reliable  than  the  active 
system.  On  closer  inspection  the  pas¬ 
sive  system  has  drawbacks.  Corona  dis¬ 
chargers  alone  will  not  reduce  the 
maximum  voltage  to  the  desired  1,000  to 
2,000  volts.  The  conducting  ropes 
dropped  from  the  helicopter  may  spark, 
present  a  danger  of  entanglement  with 
trees,  etc.,  and  are  subject  to  loss, 
when  cargo  gets  deposited  on  them.  To 
top  it  all,  the  ground  may  be  loose 
dust  or  loose  dry  snow  with  a  relative¬ 
ly  high  resistance. 

FOR  THE  ABOVE  REASONS,  an  active  system 
may  be  more  desirable  if  technically 
feasible  and  if  acceptable  with  respect 
tc  complexity,  cost,  reliability,  fail 
safety,  etc.  The  passive  grounding 
system  was  therefore  considered  the 
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alternate  in  the  Boeing  Heavy  Lift 
Helicopt  ir  program,  and  would  be  devel¬ 
oped  in  case  the  active  system  met  with 
insurmountable  obstacles. 

ACTIVE  DISSIPATION  -  DESIGN  PARAMETERS 

The  following  design  parameters 
have  been  surveyed  and  investigated: 

1.  Maximum  triboelectric  charging 
currents  for  a  medium  lift  helicopter. 

2.  Dissipating  of  charges  into 
two  different  air  streams,  associated 
with  the  helicopter  (rotor  downwash  and 
engine  exhaust) . 

3.  Ability  to  sense  the  correct 
voltage  difference  between  the  he',  i- 
vopter  and  the  ground  (without  ground 
contact) . 

4.  Ion  cloud  over  the  grnv.t;  sur¬ 
face  below  the  hovering  helic.»  - 

5 .  Resistance  of  the  gx*.-,  .sd  sur¬ 
face  under  dry  desert  conditions. 

In  subsequent,  paragraphs  the  above 
design  parameters  are  given  a  closer 
look,  with  emphasis  on  ths  feasibility 
of  the  active  system. 

TRIBOELECTRIC  CHARGING 

IN  THE  TESTS  CONDUCTED  AT  vtjma 
Proving  Ground  an  area  of  sand  was 
plowed  up  (disced)  tc  loosen  up  the 
desert  dust,  then  the  helicopter  was 
flown  into  this  area.  A  wire  was  lower¬ 
ed  from  the  helicopter  and  connected  to 
a  grounding  stake ,  driven  into  the 
desert.  The  current  flowing  to  ground 
through  the  grounding  wire  was  recorded 
in  the  helicopter.  Figure  1  shows  a 
photograph  of  this  test  and  a  time 
history  of  the  triboelecti  ’ c  current, 
while  the  helicopter  gradually  blew  the 
loo3e  dust  away. 

As  can  oe  seen,  a  28,000  lb  heli¬ 
copter,  hovering  in  a  heavy  dust  cloud 
can  produce  200  to  300  microamperes 
peak  charging  currents.  The  high  charg¬ 
ing  was  encountered  on  three  successive 
flights.  On  subsequent  flights,  since 
the  loose  dust  had  been  blown  away  the 
observed  currents  were  on  the  order  of 
40  to  80  microamperes. 

Helicopters  in  Alaska  and  the 
CH-54  in  commercial  application  in 
moderate  climate,  have  apparently  en¬ 
countered  higher  currents.  Sparks 
three  feet  long  have  been  reported  in 
dry  snow  clouds.  Under  chunderhead*  and 
driasle,  sparks  up  to  six  feet  long  have 


been  reported  in  the  CH-54. 

The  above  data  amply  justifies  the 
requirement  of  600  microamperes  maxi¬ 
mum  dissipating  capability  for  a  heli¬ 
copter  of  120,000  lbs  gross  weight. 

Under  the  worst  condition,  charging 
currents  on  the  order  of  1,000  to 
1,500  microamperes  may  be  possible. 

DISCHARGING 

IT  IS  KNOWN  FROM  ALL  PREVIOUS  TESTS 
that  there  are  two  important  parameters , 
which  determine  the  amperage  of  the 
corona  current,  leaving  the  helicopter 
(Tg  =  the  net  discharge  current)  name¬ 
ly: 

1.  E  field  around  the  corona 
point,  which  returns  the  ions  to  the 
helic  peer,  which  for  a  given  geo¬ 
metric  configuration,  is  directly  re¬ 
lated  to  the  voltage  difference  between 
the  helicopter  and  the  power  supply. 

2.  Velocity  of  the  air  mass 
which  carries  the  ions  away.  Figure  2 
gives  th  basic  idea  ar.d  the  nomencla¬ 
ture  used  in  this  paper. 

Several  probe  conf iguratiors  were 
tried  and  the  experimental  results 
have  Indicated  chat  very  iictle  can  be 
gained  by  probe  configuration,  e.g.  a 
ring  of  corona  points  and  single  coro¬ 
na  point  produce  basically  the  same 
net  Ig  current  The  reason  for  this 

is  chat  the  current  which  leaves  the 
helicopter  is  determined  by  the  ion 

mobility  in  the  air  velocity  field  and 
the  E  field.  Since  lg  is  directly  pro¬ 
portional  to  the  air  velocity,  we  have 
three  design  choices: 

1  Discharging  into  the  slip¬ 
stream  of  the  rotors  (air  velocity  of 
the  order  or  SO  ft/sec) . 

2.  Discharging  into  the  turbine 
exhaust  (gas  velocity  of  the  order  of 
200  to  300  ft/sec,  but  the  temperature 
of  the  order  of  500  to  600°C,  partially 
nullifying  the  gain  of  high  velocity 
due  to  higher  ion  mobility). 

3.  Discharging  from  the  blaoe 
tips  (air  velocity  of  the  order  of 
700  ft/sec) . 

Let's  discuss  all  three  alterna¬ 
tives. 
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DISCHARGING  INTO  THE  HELICOPTER  SLIP¬ 
STREAM 

Thi is  was  the  metho  i  pursued  by  the 
Dynasciences  Corporation,  who  for  the 
last  decade  have  marketed  active  dis¬ 
charge  systems.  Figure  3  shows  the  ex¬ 
perimental  results  (quoted  from  Refer¬ 
ence  2).  In  our  effort  to  produce  suf¬ 
ficient  ions  for  heavy  lift  helicopter 
sensing  fidelity  tests  (reported  in 
Reference  1) ,  we  have  extended  this 
method  almost  to  the  design  limits 
(long  outriggers  and  high  power  supply 
voltage)  as  shown  in  Figure  4.  By  de¬ 
creasing  the  E  field  (increasing  the 
distance  of  the  probes  to  the  skin) ,  we 
did  obtain  substantial  Ig  increases. 
However  we  got  only  200/uA  from  4 
corona  points  using  approximately  200 
KV.  Increasing  the  insulator  length 
between  the  corona  points  and  the  fuse¬ 
lage  to  a  full  6  feet  would  probably 
increase  the  current  to  300^.A.  To 
obtain  the  required  600^.  A /the  heli¬ 
copter  would  therefore  have  to  be 
fitted  with  approximately  8  corona 
points,  sticking  out  from  the  fuselage 
or  C  ft.  insulators  -  a  difficult  and 
cumbersome  solution  to  say  the  least. 

DISCHARGING  INTO  THE  TURBINE  EXHAUST 

The  lure  of  the  high  gas  velocity 
has  produced  several  attempts  to  dis¬ 
charge  into  the  turbine  exhaust,  both 
in  this  country  and  ir.  the  United  King¬ 
dom  (References  3  and  4) .  The  results 
of  laboratory,  ground  and  air  tests  of 
various  dissipator  geometries  located 
in  the  exhaust  plume  of  the  CK-47  heli¬ 
copter  turbines  are  fully  discussed  in 
Reference  1.  Figure  5  shows  flight 
test  result  of  dissipator  test  at  Yuma. 
A  ring  dissipator  was  located  ir.  the 
turbine  exhaust,  five  turbine  exhaust 
diameters  aft  of  the  tailpipe  exit 
plane.  Superimposed  are  test  results 
of  tests  run  in  1963  and  the  ground 
tests  at  Vertol  i.i  1972.  Discharge 
currents  of  the  order  of  ISO^A  were 
obtained.  The  larger  turbine  exhausts 
of  the  HLH  and  exhaust  directions  which 
do  not  pas3  over  any  fuselage  skin 
should  easily  allow  dischargee  of  200 
ytiA  per  engine  at  dissipator  voltages 
of  200  to  250  KV.  With  three  turbines, 
the  design  objective  of  COO^tA  can  be 
met.  If  however,  field  experience 
shows  much  larger  dissipation  current 


requirements,  the  necessary  voltage  in¬ 
crease  and  the  dissipator  distance  in¬ 
crease  may  make  this  solution  cumber¬ 
some. 


DISCHARGING  FROM  THE  BLADE  TIPS 

Based  on  extrapolation  of  the  in¬ 
fluence  of  air  velocity  on  the  dis¬ 
charge  current  it  appears  feasible  to 
discharge  approximately  100  micro¬ 
amperes  from  a  blade  tip  at  50  KV  probe 
voltage.  It  also  appears  feasible  to 
locate  the  high  voltage  source  on  the 
rotor  hub  and  to  supply  the  blade  tips 
through  coaxial  cables  of  approximate¬ 
ly  0.5  inch  diameter.  Such  a  "able 
could  be  submerged  inside  the  blade 
trailing  edge.  Due  to  lack  of  funds 
for  blade  modifications,  no  tests  were 
conducted  and  the  above  figures  are 
based  on  extrapolations.  If  future 
blades  include  an  integrated  blade  tip 
design,  incorporating  lightning  pro¬ 
tection  and  passive  dissipation,  the 
active  dissipation  could  probably 
share  the  corona  points  on  an  either/ 
or  basis  with  passive  dissipation. 

IN  AN  EFFORT  TO  INCREASE  the  dis¬ 
sipated  current,  the  following  addi¬ 
tional  approaches  have  been  investi¬ 
gated: 

1.  Dissipating  by  charged  water 
droplets  -  tnis  approach  is  being  ex¬ 
plored  by  Dr.  Buser  of  the  U.  S.  Army 
ECOM  Laboratory  and  is  the  subject  of 
a  separate  paper. 

2.  Corona  point  dissipation  us¬ 
ing  pulsed  high  voltage  supply  -  this 
method  was  explored  by  Dr.  M.  Mulcahy 
of  ION  Physics,  Inc.,  under  a  subcon¬ 
tract  to  Boeing-Vertol .  The  pulsing 
has  decreased  the  recirculation  signi¬ 
ficantly  (80%)  but  the  net  discharge 
current  increased  only  17%.  It  is  not 
known  how  much  the  pulsing  will  in¬ 
crease  radio  interference. 

3.  Narrow  high  velocity  blast 
over  the  corore  points  -  the  results  of 
this  experiment,  using  a  small  dia¬ 
meter  nozzle,  indicated  that  very 
little  could  be  gained  by  tins  method 
over  the  use  of  a  single  corona  point 
in  the  turbine  exhaust.  The  reason 
for  this  is  the  fact  that  the  narrow 
blast  of  air  very  quickly  became  tur¬ 
bulent  and  mixed  with  the  surrounding 
air,  allowing  recirculation  to  the 
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HELICOPTER  SK!N 


Fig.  3  -  EXPERIMENTAL  RESULTS 


Fig.  4  -  DISCHARGING  TEST  LIMITS 
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FLIGHT  TEST  RESULT  OF  DISSXPATOR  TEST 


fuselage . 

It  is  sufficient  to  report  here 
that  the  above  approaches  have  not  as 
yet  materially  improved  the  active 
dissipation  picture,  presented  in  pre¬ 
ceding  paragraphs, 

SENSING 

A  practical  solution  of  the  ac¬ 
tive  dissipation  system  depends  on 
accurate  measurement  of  the  E  vector 
due  solely  to  the  voltage  difference 
between  the  helicopter  and  the  ground. 
The  measurement  accuracy  should  be  such 
that  no  more  than  1,000  V  remain  on 
the  helicopter.  An  error  of  e.g.  3,000 
V  would  increase  the  energy  of  the  dis¬ 
charge  to  10  milli joule.  The  sources 
of  measurement  errors  are  shown  in 
Figure  6.  Let’s  discuss  them. 

When  we  manually  bring  the  Ig  to  zero 
(by  increasing  the  dissipation)  the 
conditions  represent  the  design  cbjec- 
tivs,  namely  no  voltage  between  the 
helicopter  and  the  ground.  The  Eh 
vector  which  we  are  solely  interested 
in,  has  been  reduceu  to  zero.  Under 
these  conditions ,  any  value  other  than 
zero  indicated  by  the  field  meters 
represents  an  error,  which  when  nulled 
by  some  form  of  an  automatic  feedback 
control  loop  would  leave  some  voltage 
on  the  helicopter.  These  errors  in 
reading  of  fie]d  sensors  are  due  to: 

Ed  -  due  to  voltage  of  the  dissi- 
pator 

Ei(+)-due  to  dissipated  ions  by  dis¬ 
charger  and  electrification 
of  the  desert  surface 

Ei(-)-due  to  negative  ions  generat¬ 
ed  triboelectrically  on  the 
blades  striking  the  dust 
particles  {or  snow,  with  re¬ 
versed  polarities) 

An  elaborate  series  of  a r invents 

conducted  at  Yuma  and  aimed  at  evaluat¬ 
ing  Eh,  Ed,  Ei  and  Ei  are  reported  in 
Reference  1.  In  this  paper  it  is  suf¬ 
ficient  to  tabulate  the  results  as 
shown  in  Figure  6.  When  Ig  was  nulled 
manually,  the  readings  of  field  meters 
El,  E2 ,  E3  and  E4  did  not  go  to  zero, 
but  were  indicating  some  values  of  E 
related  to  the  ion  influences  (Ed  can 
be  neglected) .  Knowing  field  meter 
calibrations,  i.e.  the  ratio  of  E  in¬ 


dicated  to  the  voltage  on  the  heli¬ 
copter  for  eacli  field  meter,  it  is  pos¬ 
sible  to  calculate  the  helicopter  vol¬ 
tage  value  which  would  correspond  to 
the  indicated  E  and  then  the  discharge 
energy,  stored  in  the  helicopter.  The 
following  conclusions  can  be  drawn: 

1.  Residual  energies  due  to 
sensing  errors  of  the  E  field  are  far 
in  excess  of  the  design  objective  of  1 
millijoule . 

2.  Readings  of  E2  show  polarity 
reversals,  which  most  probably  are  due 
to  the  elsctrif ication  of  the  plexiglas 
cockpit  enclosure  located  in  the  vici¬ 
nity  of  the  field  mill.  This  points 

to  the  fact  that  plastic  covers  over 
the  cargo  or  plastic  cargo  enclosures 
could  completely  falsify  the  readings 
of  a  field  meter  located  on  the  cargo 
hook. 

3.  The  above  described  series  of 
experiments  apply  to  the  conditions 
over  the  desert.  It  can  only  be  specu¬ 
lated  that  similar  conditions  (with 
sign  reversal)  will  prevail  over  dry 
snow.  No  field  measurements  during 
charging  by  rain  are  known  to  t'<e 
writer.  This  is  probably  due  to  prac¬ 
tical  experimental  difficulties  of  en¬ 
countering  a  drizzle  under  a  thunder- 
head  with  an  instrumented  helicopter 
and  an  array  of  field  meters  on  the 
ground . 

4.  Measurement  errors  when  under 
a  thunderhead,  in  a  heavy  earth  grad¬ 
ient,  are  not  known  and  will  be  as  dif¬ 
ficult  to  acquire  as  3.  above. 

SENSING  DIRECTLY  BY  A  VOLTMETER 

The  obvious  solution  for  accurate 
sensing  of  the  voltage  between  the 
cargo  hook  and  the  cargo  handler  appears 
to  be  by  means  of  a  "-nfinite  L.,kedance" 
voltmeter  and  a  resistive  link  to  the 
ground.  One  such  scheme  is  rhnwn  in 
Figure  7. 

This  would  eliminate  the  sensor 
error  problems  caused  by  the  ion  cloud 
around  the  helicopter.  Since  the  heli¬ 
copter  could  be  at  a  voltage  level  of 
10°  volts,  the  resistive  link  would 
have  to  be  of  the  order  of  10^-0.  in 
order  to  limit  the  current  flowing 
through  the  cargo  handler  to  xoas  than 
one  milliampere,  (a  level  considered 
acceptable  based  on  experiments  by 
Durbin  and  Born,  see  Reference  5). 
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Durbin  and  Born  point  out  that  by  limit¬ 
ing  the  maximum  voltage  of  the  heli¬ 
copter  by  passive  dischargers,  the  re¬ 
sistance  of  the  link  could  be  decreased, 
thus  presenting  a  .lee.ier  problem  to 
maintain  this  resistance  under  all  con¬ 
ditions,  6rg.  drizzle,  dirt  on  the  drop¬ 
line  or  insulators.  If  for  example,  the 
passive  dischargers  would  limit  the 
maximum  voltage  on  the  helicopter  tc 
105  volts  the  resistive  li  ifc  could  be 
of  the  order  of  10\jQ.  ,  i.  value  much 
more  readily  maintained  under  field 
conditions-  The  length  ci  the  requires 
Insulator  would  decrease  and  the  whole 
problem  would  become  amenable  to  a  good 
mechanical  soiutic,*, 

PASSIVE  DISSIPATION 

If  w  give  up  voltage  sensing  by 
field  mills  and  use  a  dropline  -  why  not 
givf.  up  ,vf,-e  expensive  active  dissipation 
system,  which  when  failed  -  can  charge 
the  helicopter  to  a  million  volt  in  less 
than  one  second?  The  answer  to  r.his 
question  depends  on  the  grounding  tech¬ 
nology  -  dropweights,  arrows  trailing 
wire,  etc.  In  the  last  paragraph  the 
measurements  of  the  ground  conductivity 
will  be  presented.  It  is  advisabJe  to 
point  out  hero  t">at  grounding  of  the 
helicopter  cannot  be  by  a  high  resist¬ 
ance  link,  like  the  voltmeter  link, 
discussed  above.  A  103-^-  resistance 
in  presence  of  100  microamperes  charg¬ 
ing  current  would  maintain  the  heli¬ 
copter  at  10,000  volt  and  at  600  micro¬ 
amperes  at  60,000  volt.  Either  we 
accept  a  low  resistance  path  and  spark¬ 
ing  on  grounding  contact  or  we  have  to 
accept  programmed  resistance  starting 
with  a  high  resistance  at  ground  con¬ 
tact  followed  by  decreased  resistance 
after  the  contact  is  made. 

Figure  8  gives  a  schematic  example 
of  a  purely  passive  grounding  system 
for  a  helicopter.  It  consists  of  a 
warning  system,  a  grounding  system 
(dropweight)  and  a  standby  grounding 
system  (an  arrow  trailing  steel  thread) 
to  be  used  when  the  dropweight  either 
cannot  be  used  or  the  high  resistance 
of  the  surface  must  be  pierced  to 
achieve  good  grounding.  The  success  of 
a  passive  system  design  will  depend  on: 

1.  How  low  can  we  limit  the  heli¬ 
copter  voltage  by  means  of  passive 
corona  dischargers?  If  this  voltage 
can  be  kept  below  100  KV  under  heavy 
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charging  conditions,  the  sparking  on 
grounding  can  be  greatly  reduced. 

2.  Successful  mechanical  design 
of  the  required  corona  warning,  drop- 
weight,  arrow  discharger,  etc. 

3.  Acceptance  of  dropline  by  the 
military  customer. 

GROUND  RESISTANCE 

As  part  of  the  Yuma  flight  test 
program,  the  desert  resistance  was  mea¬ 
sured.  A  resistance  below  10  M  -£T2.was 
measured  between  a  dropweight  and  a 

conductive  layer  of  the  ground.  With  a 
suitable  dropweight  design  it  appears 
that  the  desert  is  an  acceptable  ground¬ 
ing  surface.  The  resistance  of  dry 
frosty  snow  iri  the  Arctic  is  not  known 
to  the  writers  and  will  have  to  be  in¬ 
vestigated. 
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Introduction  to  Workshop:  Lightning 
Simulation,  Testing,  and  MIL-B-5087B 


J.D.  Robb 

Lightning  &  Transients  Research  Institute 


J.A.  Plumer 

General  Electric  Company 
Corporate  Research  and  Development 

LIGHTNING  EFFECTS  on  aerospace  vehicles  are 
complex  because  of  the  variety  of  components 
in  the  natural  lightning  discharge,  the  variety 
of  materials  and  construction  techniques  used 
in  modern  aerospace  vehicles  and  the  sensitiv¬ 
ity  and  complexity  of  their  electrical  and 
electronic  systems  This  is  compounded  by 
greater  exposure  of  these  systems  to  lightning 
by  virtue  of  increased  use  of  titanium  or  re¬ 
inforced  plastic  external  skins.  These  trends 
also  increase  the  impo. tance  of  dynamic  effects 
such  as  the  sweeping  of  lightning  discharges 
over  the  aircraft  surface. 

The  original  lightning  bonding  specifica¬ 
tion  from  which  the  present  MIL-B-5087B  has 
evolved  was  derived  at  the  first  symposium  on 
lightning  effects  on  aircraft  (1)*.  Because 
of  the  recognised  complexity  of  effects  a  sim¬ 
plified  approach  was  taken  in  which  a  single 
severe  test  discharge  or  combination  of  test 
discharges  was  used  to  assure  satisfactory 
lightning  protection.  This  was  based  on  the 
concept  that  because  of  its  severity,  anything 
that  passed  this  severe  test  even  on  a  marginal 
basis  should  be  quite  adequate  for  use  in  air¬ 
craft. 

The  original  maximum  test  current  was 
100,000  amperes  and  was  later  increased  to 
200,000  amperes  as  in  the  present  specifica¬ 
tion.  For  the  past  generation  of  aircraft, 
compliance  with  this  severe  specification  did 
not  substantially  penalize  the  aircraft  de¬ 
signs.  Also  in  the  early  form  there  was  no 
firm  requirement  for  lightning  testing,  re¬ 
sulting  in  incomplete  enforcement  of  the  speci¬ 
fication  requirements.  Presently  MIL-B-5087B 
spells  out  unequivocally  that  tests  must  be 
performed  with  200,000  ampere  currents  to  dem¬ 
onstrate  protection  and,  whereas  this  was  con¬ 
sidered  to  be  oversevere  wnen  first  specified, 
there  is  some  discussion  at  the  present  time 
that  200  kiloamperes  may  not  even  be  severe 
enough  for  a  single  test  stroke  concept. 

The  use,  however,  of  the  more  sensitive 
electronic  systems  and  the  greater  exposure  and 
structural  vulnerability  of  the  proposed  future 
aircraft  designs  requires  that  a  more  careful 
look  be  taken  at  the  standards  such  as 
MIL-B-5087B  in  order  to  provide  a  specification 
which  more  carefully  matches  the  actual  light¬ 
ning  protection  requirements  of  any  particular 
part  of  a  vehicle  to  what  it  will  actually  be 
subjected  to  in  flight.  For  example,  it  may  be 
oversevere  to  require  200  k /  tests  of  areas 
which  in  all  probability  will  never  receive  a 


single  stroke  as  they  are  located  in  what  is 
designated  by  the  FAA  as  a  zone  H'i  area  where 
neither  swept  nor  direct  strokes  are  probable. 

Other  tests,  to  establish  adequate  light¬ 
ning  protection  for  electrical  or  avioi  ics  sys¬ 
tems,  for  example,  are  absent  from  present 
specifications,  and  perhaps  should  be  consid¬ 
ered  if  protection  of  these  critical  systems  is 
to  be  assured.  These  effects  are  interrelated 
with  others  such  as  structural  materials  vul¬ 
nerability,  and  it  is  obvious  that  a  completely 
detailed  specification  of  tests  to  assure  com¬ 
plete  protection  of  the  aircraft  may  be  ex¬ 
ceedingly  detailed  and  difficult  to  define,  if 
only  because  the  design  of  each  naw  aircraft 
is  unique.  Thus,  a  systems  analysis  approach 
may  be  worth  consideration,  in  which  the 
:  Reification  sets  protection  requirements  and 
gives  overall  guidance  but.  does  not  attempt, 
to  prescribe  the  details  of  each  and  every 
test  required  along  the  way, 

Some  greater  detailing  of  the  protection 
requirements  is  certainly  suggested,  parti¬ 
cularly  in  view  of  the  increasing  use  of  more 
vulnerable  materials  which  are  more  sensitive 
to  over  specification.  Perhaps  a  criteria  for 
the  degree  of  detailing  needed  for  such  light¬ 
ning  tests  as  are  required  can  be  defined  as 
that  degree  sufficient  to  assure  identical  re¬ 
sults  from  the  tests  when  performed  by  differ¬ 
ent  laboratories  on  identical  test  objects. 

The  resulting  consistency  in  test  application 
would  increase  confidence  and  assurance  that 
specified  test  criteria  are  being  met.  At 
present,  for  example,  MIL-B-5087B  alludes  to 
the  necessity  for  high  voltage  or  dielectric 
brea'.lown  requirements,  but  fails  to  define 
the  ,  ecessary  tests.  Laboratories  are  left  tc 
theii  own  judgment  in  selecting  test  parameters, 
and  results  obtained  by  one  laboratory  may  not 
agree  with  those  obtained  at  another,  even 
though  the  test  objectives  may  ce  the  same. 

There  exist  some  contradictions  in  the 
present  specifications  which  are  generally 
recognized  as  typical  problems  in  any  specifi¬ 
cation  for  modem  complex  aerospace  vehicles. 

One  of  these  is  the  bonding  requirement  for 
conductivity  between  all  adjacent  metal  sec¬ 
tions,  which  contradicts  the  corrosion  require¬ 
ments  of  complete  insulation  between  metal 
sectione.  An  additional  example  is  in  the 
strict  interpretation  of  the  bonding  require- 
ments  which  would  require  bonding  between 
""^Numbers  in  parentheses  designate  References 
at  end  of  paper. 
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helicopter  rotors  mid  the  fuselage.  Whereas 
this  might  be  possible,  it  wo'ild  be  extremely 
difficult  and  there  is  no  evidence  yet  to  in¬ 
dicate  that  it  is  necessary  in  view  of  the 
massiveness  of  the  bearings  required  to  carry 
the  flight  loads.  Thus,  some  additional  de¬ 
tailing  of  the  present  WL-B-5087B  specifica¬ 
tion  with  respect  to  these  contradictions  is 
certainly  suggested. 

The  Session  panel  has  been  selected  speci¬ 
fically  to  represent  knowledgeable  engineers 
who  are  actively  involved  in  lightning  design 
and  testing  of  aircraft,  and  familiar  with 
recent  research  and  development  advances  in 
this  field.  It  is  hoped  that  from  this  meet¬ 
ing  new  suggestions  may  be  brought  out  for 
improvement  of  the  specification  and  for  better 
lightning  simulation  for  aerospace  vehicle 
testing,  from  which  a  reasonably'  balanced  ap¬ 
proach  can  be  developed  between  extremes  of  a 
single  very  oversevere  discharge,  or  a  multiple 
number  of  detailed  test  current  waveforms  ap¬ 
plied  for  each  particular  vehicle  or  component 
being  tested.  The  improved  specifications,  to 
which  we  hope  these  discussions  will  contribute, 
can  lead  to  an  overall  increase  in  the  econony, 
efficiency  and  reliability  with  which  light¬ 
ning  protection  is  provided  for  modern  aircraft. 
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British  Civil  Airworthiness  Requirements  for 
Electrical  Bonding  and  Lightning  Discharge 
Protection  in  Relation  to  Specification 
MHrB-5087 


B  L  Ferry 

UK  Civil  Aviation  Authority 
(Airworthiness  Division) 

ABSTRACT 

A  revision  to  the  bo;.— .;0  and  lightning 
discharge  protection  standards  of  the  British 
Civil  Airworthiness  Requirement.  (BCAR's), 
hap  recently  been  proposed  in  ora  r  to  up¬ 
date  these  in  relation  to  the  Jate.it  knowledge 
and  experience  on  aircraft  and  equipment.  The 
changes  made  relative  to  current  British  and 
Anglo  French  requirements  are  discussed  and  it 
is  suggeeted  that  this  document  could,  in  con- 
jui  ction  with  a  revision  oi  specification 
MtttP-5087,  form  the  basis  of  a  common  inter¬ 
national  standard. 

A  REVIEW  HAS  BEEN  UNDERTAKEN  of  the  existing 
bending  requirements  as  detailed  in  BCAR's 
Chapter  DL-6,  in  the  light  of  c  .rrent  UK  and 
US  experience.  This  has  shown  the  need  to 
revise  the  current  standards  to  match  the 
increased  system  complexity,  and  possible 
vulnerability,  of  modern  aircra.t,  Including 
powered-lift  machines  and  to  take  into  account 
the  use  of  new  materials  and  construction 
techniques.  The  proposed  changes  are  dis¬ 
cussed  in  detail  below  and  include  the  expe¬ 
rience  gained  from  recent  FAR's  and  the  Anglo 
French  supersonic  transport  standard  TSS  3-6. 

SUMMARY  OF  PROPOSED  CHANGES 

AIRCRAFT  SHAPE  -  It  has  been  found  con¬ 
venient  to  define  three  7.ones  on  the  external 
surface  of  the  aircraft,  each  having  different 
lightning  strike  probabilities.  For  aircraft 
of  conventional  shape,  flight  experience  nan 
confirmed  the  validity  of  the  zones  defined 
in  TSS  8-6  and  FAA  Advisory  Circular  AC  20-53- 
However,  for  ar.  aircraft  of  non  conventional 
shape  these  zones  may  require  redefining  and 
the  proposed  amendment  takes  account  of  this 
and  suggests  the  use  of  mode?  testing  as  a 
guide  to  zone  definition.  It  is  also  proposed 
*T.at  the  scope  of  the  zoning  be  widened  to  take 
account  not  only  of  the  effects  of  lightning 
on  fuel  systems  but  otner  effects  such  as  those 
on  structural  materials,  or  oquipment  and 
wiring  located  in  there  zones. 

AIRCRAFT  ALTITUDE  -  it  is  possible  that 
powered-lift  aircraft  in  particular  may 
ope; ate  for  longcs  periods  at  altitudes  where 
the  probability  of  a  lightning  strike  is  at 
its  highest  i.e.  approx.  80$  of  strikes  occur 
between  2000  ft.  ana  12,000  ft.  No  changes 
are  proposed  to  cover  specifically  this  case, 
since  it  should  be  covered  wituin  the  basic 
requirements  or  taken  into  account  for  r.ny 
probability  arguments. 


ENGINE  ARRANGEMENTS  -  on  conventional 
aircraft  there  is  little  evidence  to  suggest 
that  the  jet  efflux,  which  may  V  ionised, 
increases  the  risk  of  air  to  air  lightning 
strikes.  Nevertheless  it  is  possible  that, 
on  an  Rircraft  using  a  multiplicity  of 
engines  in  the  lift  mode,  the  risk  of  air 
tc  ground  strikes  could  be  appre  -iably 
increased  (cf  Apollo  12).  While  not  directly 
covered,  this  aspect  is  emphasized  under  the 
section  dealing  with  system  effects,  particu¬ 
larly  as  regards  the  possible  effects  on 
engine  control  systems  and  autoland  systems 
in  the  critical,  near  the  ground,  regimes. 

It  is  also  possible  that  the  use  cf  multiple 
lift  engines,  with  an  increase  in  (possibly) 
ionised  jet  efflux,  may  increase  the  static 
charging  of  the  aircraft  with  resultant 
interference  problems.  This  effect  is  aleo 
emphasized  in  the  app!  '.cable  sections  of  the 
requirements. 

MATERIALS  -  With  the  increasing  use  of 
modern  materials  and  construction  techniques 
the  text  and  '.ppendix  has  »oen  re-written, 
as  appropriate,  to  emphasize  the  hazards. 
Among  the  most  important  materials  and 
efl’eclB  are  the  following: - 

a)  Non  conducting  materials  such  as 
fibre  glasB  or  all  plastic  honeycomb. 
Mechanical  damage  nay  be  caused  to  such 
materials  by  the  passage  through  them  of  a 
lightning  strike  wi:h  possible  resultant 
effects  on  the  airframe  or  other  systems. 

Loss  of  the  intrinsii  screening  of  airframe 
mounted  systems  cr  equipment  must  also  be 
considered,  see  also  par* .on  Systems  below. 

b)  Composite  materials  ouch  as  "’etal 
skinned  plastic  honey  . omb  or  plastic  skinned 
metal  honeycomb. 

Effects  similar  to  those  listed  above 
depending  on  the  materials  used  and  their 
construction. 

c)  Carbon  (or  boron)  fibre  reinforced 
plastics. 

Effects  similar  to  those  listed  above 
with,  in  addition,  possible  severe  degrada¬ 
tion  of  the  mechanical  strength  of  the 
material  if  it  is  used  in  such  a  way  ae  to 
make  it  possible  for  the  conducting  fibree 
to  carry  lightning  currents.  Present  evi¬ 
dence  in  the  USA  (and  to  a  lesser  extent 
recent  UK  testing)  indicates  that  in  such 
cases  the  material  must  be  protected  by  a 
conducting  cage  which  prevents  such  current 
flow. 
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d)  Modern  paint  finishes. 

Such  paints  as  epoxy,  acrylic  or  polyu¬ 
rethane  are  particularly  good  electrical 
insulators  and  experience  has  shown  that  on 
sooe  aircraft  an  appreciable  etatic  build  up 
cai  occt)  •  with  resultant  interference  with 
aircraft  systems.  There  are  also  some  indi¬ 
cations  that  ouch  paint  finishes  can  affect 
the  path  and  restrike  locations  of  swept 
lightning  strokes. 

SYSTEMS  -  There  is  an  increasing 
tendency  for  aircraft  to  use  more  complex 
electrical  control  systems  operating  at  low 
signal  levels.  This  will  be  particularly 
true  of  powered  -lift  machines  in  such  areas 
as  engine  or  lift  device  control,  stability 
augmentation  systems  and  automatic  landing 
systems. 

Such  modern  systems  are  r.ot  only  more 
vulnerable  to  interference  effects  from 
lightning  or  static  but  also  the  effect  cf 
such  system  interference  on  the  aircraft 
itself  could  be  more  serious.  The  increased 
use  of  non-metallic  structure  can  also 
decrease  the  screening  effect  of  the  air¬ 
frame  on  the  circuits  involved.  The  relevant 
sections  of  the  requirements  have  therefore 
been  amended  to  emphasize  these  dangers. 

CHARACTERISTICS  OF  LIGHTNING  DISCHAROSS- 
Ir.  the  light  of  more  recent  information,  the 
lightning  stroke,  and  suggested  test  current 
characteristics,  are  revised  in  line  with 
TSS  8-6.  It  is  accepted  .hat  these  test 
current  characteristics  are  not  the  optimum 
ar.d  a  ,rK  research  progiamme  is  under  way,  one 
object  of  which  is  to  provide  the  data  on 
which  a  final  review  can  be  made.  At  this 
stage  hovever,  the  best  v'ata  available  is 
considered  to  be  that  given  in  TSS  8-6. 

RESISTANCE  AND  CONTINUITY  -  This  section 
has  been  rewritten  in  a  similar  manner  to 
TSS  8-6  ar.d  the  table  of  resistance  values 
included  as  appendix  guidance  material  rather 
than  in  the  main  text.  This  change  is  based 
upon  the  results  of  an  investigation  carried 
out  among  UK  constructors  and  operators  at 
the  time  of  writing  TSS  8-6  and  is  felt  to 
represent  more  nearly  the  current  position. 

PROPOSED  REQUIREMENTS  FOR  ELECTRICAL  BONDING 
AND  LIGHTNING  DISCHARGE  PROTECTION 

1.  INTRODUCTION  -  This  Chapter  prescribes 
requirements  and  its  Appendices  give  recom¬ 
mended  practices  relating  to  the  following 
subjects 

1.1  The  protection  of  the  aircraft 
against  lightning  discharges. 

1.2  The  electrical  bonding  of  the  air¬ 
craft  structure,  components  and  equipment  in 
order; - 

(a)  to  prevent  dangerous  accumulation 
of  electrostatic  charges, 

(b)  to  minimize  the  possibilitv  of 
electric  shock  from  the  electricity  supply 
and  dirtribution  system, 

(c)  to  provide  en  adequate  electrical 


return  path  on  aircraft  having  earthed 
electrical  systems, 

(d)  to  prevent  interference  with  the 
functioning  of  essential  services  (e.g.  radio 
communications  and  navigational  aids),  and 

(e)  to  prevent  deterioration  01  struc¬ 
tural  strength  or  deformation,  particularly 
of  composite  material  structures  (6t-e  App. 

No.  1,  para.  8) 

2.  PPIMARY  AND  SECONDARY  CONDUCTORS  - 
(see  App.  No.  1,  para.  6)  For  the  purposes 
of  this  Chapter  Primary  Conductors  shal1  be 
those  conductors  which  are  nquired  to  carry 
lightning  discharge  currents,  and  Secondary 
Conductors  shall  be  those  conductors  provided 
for  other  forms  of  bonding. 

2.1  The  cross  sectional  art'  of  Primary 
made  from  copper  shall  be  not  less 
(approx.  0.0045  eq.  ins.,  i.e. 

0.25  in*  by  26  SVG'  except  that  where  a 
single  conductor  is  likely  to  carry  the  whole 
discharge  from  an  isolated  section,  the  crcjss 
sectional  area  shall  be  not  less  than  6  mar 
(approx.  0.009  eq.  in.,  i.e.  0.5  in.  by  26 
SWG).  Aluminium  Primary  Conductors  shall 
have  a  cross  sectional  area  giving  an  equi¬ 
valent  surge  carrying  capacity. 

2.2  Primary  Conductors  shall  be  used 

for:  - 

(a)  Connecting  together  the  main  earths 
of  separable  major  components  which  may  carry 
lightning  discharges. 

(b)  Connecting  engines  to  the  main 
earth  (see  para.  5). 

(c)  Connecting  to  the  main  earth  all 
metal  parte  presenting  a  surface  on  or  out¬ 
side  of  the  external  surface  of  the  aircraft 
(see  pare.  J.1.2). 

2.5  The  electrical  impedance  of  Primary 
Conductors  to  a  lightning  discharje  shall  be 
as  j ow  as  is  practicable. 

2.4  The  cross  sectional  area  of 
Secondary  Conductors  njade  from  copper  shall 
be  not  less  than  1  mm  (approx.  0.001  sq.in.). 
Where  a  single  wire  is  used  its  size  shall  be 
not  less  than  1.2  mm  dia  (l8  SWG). 

5.  PROTECTION  AGAINST  LIGHTNING  DIS¬ 
CHARGES  -  (see  App.  No.  1,  para.  8).  - 

3.1  The  airciaft  shall  be  effectively 
provided  with  means  to  conduct  lightning 
strikes,  the  characteristics  of  which  are 
described  in  App.  1,  sc.  that  the  aircraft  or 
itc  occupants  will  not  be  endangered.  Account 
snail  be  taken  of  the  Lightning  Strike  Zones 
detailed  in  Appendix  No.  1,  para.  3.  The 
means  provided  shall  be  such  as  to:- 

(a)  Minimise  damage  to  the  aircraft 
structure  or  components. 

(b)  Prevent  the  passage  of  such  elec¬ 
trical  currents  as  will  cause  dangerous  mal¬ 
functioning  of  the  aircraft  or  its  equipment, 

(c)  Prevent  the  occurreno  of  high 
potential  differences  within  ths  aircraft. 

3.1.1  Compliance  with  par*  3.1  shall 
be  established  by  the  provxsior  of  an 
electrically  conducting  cage  ii  accordance 
with  para.  3«1-Ma),  (b)  or  (c  .s  applicable. 


Conductors 
than  3  maT 
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This  cago  shall  eitner  constitute  or  be 
electrically  connected  to  the  main  earth 
system. 

3.1.2  External  Metal  Parts 

External  metal  parts  shall  either  be:- 

(a)  electrically  bonded  to  the  main  earth 
systet  by  primary  bonding,  or 

(b)  so  designed  and/or  pr  tected  that  a 
lightning  discharge  to  the  part  (e.g.  a  radio 
aerial)  will  cause  only  local  damage  which 
will  not  endanger  the  aeroplane  or  its  occu¬ 
pants. 

3. 1.2.1  In  addition,  where  internal 
linkages  are  connected  to  external  parts 
(e.g.  control  surfaces),  the  linkages  shall 
be  bonded  by  primary  oonding  as  close  to  the 
external  part  as  possible. 

3. 1.2. 2  Where  a  primary  bond  is  fitted 
across  an  operating  jack  (e.g.  on  control 
surfaces  or  nose  droop)  it  shall  bo  of  such 
an  impedance  and  so  designed  as  to  limit  to  a 
safe  value  the  passage  of  current  through  the 
jack. 

NOTE:  In  considering  external  metal 
parts,  consideration  should  be  given  to  all 
flight  configurations  (e.g.  lowering  of  under¬ 
carriage  and  wing-flaps)  and  also  the  possi¬ 
bility  of  damage  to  tne  aeroplane  electrical 
system  due  to  surges  caused  by  strikes  to 
protuberances  (such  as  pitot  heads)  which 
have  connections  into  the  electrical  system. 

3.1.3  External  Non-metallic  Parts,  (see 
also  Appendix  No.  1,  para  8). 

External  non-metallic  parts  shall  be  00 
designed  and  installed  that:- 

(a)  tney  are  provided  with  effective 
lightning  diverters  which  will  safoly  carry 
the  lightning  discharges  described  in 
Appendix  1 ,  or 

'b)  damage  co  them  by  lightning  dischar¬ 
ger.  will  not  endanger  the  aeroplane  or  its 
occupants,  cr 

(c)  a  lightning  strike  on  the  insulated 
portion  is  Improbable  because  of  the  shielding 
afforded  by  other  portions  of  the  aeroplane. 

3.1.3*"'  Whore  lightning  diverters  are 
used  the  surge  carrying  capacity  and  mechanical 
robustness  of  associated  conductors  shall  bo 
at  least  equal  to  that  required  for  Primary 
Conductors. 

3.1.4  Electrically  Conducting  Cage 

(a)  Aircraft  of  Metallic  Construction. 

In  general  the  skin  of  an  all-metal  aircraf’, 
will  be  accepted  as  adequate  to  meet  the 
requirements  of  3*1**  provided  that  the  method 
of  construction  is  such  that  it  produces 
satisfactory  electrical  contact  at  joints. 

NOTE:  An  electrical  contact  with  a  resis¬ 
tance  less  than  0.05  ohm  will  bn  considered  as 
satisfactory. 

(b)  Aircraft  of  Non-metallic  Construc¬ 
tion  (see  App.  No.  1,  para  5)-  The  cage  shall 
consist  of  metallic  conductors  the  surge 
carrying  capacity  and  mechanical  robustness  of 
which  arc  at  least  equal  to  that  required  for 
Primary  Conductors.  The  conductors  shall  be 
as  straight  as  practicable,  and  where  changes 


of  direction  are  unavoidable,  sharp  curves 
shall  be  avoided. 

All  metal  parts  shall  be  bonded  to  the 
cage  yith  Primary  Conductors  as  appropriate. 
Guidance  on  the  probability  of  a  lightning 
strike,  and  hence  the  need  to  bond,  is  given 
in  Appendix  No.  1 ,  para.  3* 

(c)  Aircraft  of  Composite  Construction. 
Where  component,  parts  of  an  aircraft  are  of 
non-metallic  construction,  protection  shall 
be  provided,  as  appropriate.  If  in  the  form 
of  a  cage  this  shall  meet  the  relevant  parts 
of  (b).  Wh'a  designing  such  protection  the 
possible  effects  outlined  in  Appendix  No.  1 
para.  8  shall  be  taken  into  account. 

4.  PROTECTION  0.'  FUEL  SYSTEM  -  (see  also 
Appendix  No.  1,  pp-x.  4) 

4.1  The  f>  el  storage  system  of  the 
aeruplane  shall  either  be  so:- 

4.1.1  situated  that  it  is  Improbable 
that  it  will  be  struck  by  lightning,  or 

4.1.2  protected  that  in  the  event  of 
it  being  struck  by  lightning  a  catastrophe 
is  not  likely  to  occur. 

4.2  The  outlets  of  venting  and  jetti¬ 
soning  systems  shall  be  so  located  and 
designed  that:- 

4.2.1  it  is  Improbable  that  they  will 
be  struck  by  lightning, 

4.2.2  they  will  not  under  any  atmos¬ 
pheric  conditions  which  the  aeroplane  may 
encounter  experience  electrical  discharges 
of  such  magnitudes  as  will  ignite  any  fuel/ 
air  mixtures  of  the  ratios  likely  to  be 
present,  and 

4.2.3  the  fuel  Rnd  its  vapours  in 
flammable  concentrations  will  not  pass  close 
to  parts  of  the  aeroplane  which  will  pro¬ 
duce  electrical  discharges  capable  of  igniting 
fuel/air  mixtures. 

NOTE:  Electrical  discharges  may,  in 
addition  to  direct  lightning  strikes,  be 
cau&id  by  corona  and  streamer  formation  in 
the  \icinity  of  thunderstorms. 

1  .3  The  fuel  system  of  the  aeroplano 
shall  be  so  designed  that  the  passage  of 
lightning  discharges  through  the  main  aero¬ 
plane  structure  will  not  produce,  by  the 
processes  of  conduction  or  induction,  such 
potential  differences  as  will  cause  electri¬ 
cal  sparking  through  areas  where  there  may 
be  flammable  vapours. 

4.4  Consideration  shall  be  given, 
during  the  design  of  the  system,  to  the 
effect  of  the  accumulation  of  static  charges 
(see  paras.  6.4  and  6.5)  • 

5.  ENG’.NES  AND  ENGINE  MOUNTINGS  -  Where 
the  engine  is  not  in  direct  electrical  con¬ 
tact  uith  its  mounting  the  engine  shall  be 
electrically  connected  to  the  main  earth 
system  by  *t  least  two  removuble  Primary 
Conductors,  one  on  each  side  of  the  engine. 

6.  PROTECTION  AGAINST  THE  ACCUMULATION 
OF  STATIC  CHARGES  -  (si  e  also  Appendix  No.  1 
para.  8) 

6.1  General.  All  items,  which  by  the 
accumulation  and  discharge  of  static  charges 
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eay  cause  a  danger  of  electric  shock,  ignition 
of  inflammable  vcpours,  or  interference  with 
easentiul  equipment,  e.g.  radio  communications, 
navigational  aide,  or  other  vital  control 
system a,  shall  be  adequately  bonded  to  the 
main  earth  system a. 

Account  shall  be  taken,  in  the  design  and 
location  of  systems  or  equipment,  of  the 
possibility  of  electrostatic  charging  from  the 
jet  efflux  of  the  engines. 

NOTE:  See  para.  8  for  resistance  values 
appropriate  to  various  forms  of  bonding. 

6.2  Intermittent  Contact.  The  design 
shall  be  such  as  to  ensure  that  no  fortuitous 
L.-.termittent contact  can  occur  between  metallic 
and/or  metallised  parts. 

6.3  Grounding  of  Main  Earth  System.  The 
main  earth  system  shall  be  connected  to  ground 
automatically  when  the  aircraft  is  on  the 
ground.  The  resistance  between  the  main  earth 
system  and  the  ground,  when  the  aircraft  is  at 
rest,  shall  not  exceed  10  megohms. 

NOTEs  The  resistance  should  be  measured 
between  the  main  earth  system  and  a  metal 
plate  on  which  the  earthing  means,  e.g.  tyre, 
is  resting. 

6.4  Filling  Points.  It  shall  readily  be 
possible  to  bond  refuelling  equipment,  inclu¬ 
ding  the  refuelling  nozzle,  to  the  aeroplane 
and  to  make  the  bonding  connection  before  the 
filler  cap  is  removed.  The  efficiency  of  the 
connection  shall  be  independent  of  the  par¬ 
ticular  type  of  refuelling  equipment  being 
used. 

6.5  High  Pressure  Refuelling  and  Fuel 
Transfer,  (see  also  Appendix  No.  1,  para.  7) 
Where  provision  is  made  for  high  pressure 
refuelling  and/or  for  high  rates  of  fuel 
transfer  it  shall  be  established,  by  test,  or 
by  consultation  with  the  appropriate  fuel 
manufacturers,  that  dangerously  high  voltages 
will  not  be  induced  within  the  fuel  system. 

If  compliance  with  this  requirement  involves 
any  restriction  on  the  types  of  fuel  to  be 
used  or  the  usu  of  additives,  this  shall  be 
stated  in  the  Flight  Manual  and  placarded  at 
the  refuelling  point. 

7.  MANDATORY  RADIO  EQUIPMENT  -  The 
requirements  of  this  paragraph  7  are  appli¬ 
cable  to  the  installation  of  mandatory  radio 
equipment  in  aircraft. 

NOTES:  (1)  In  the  case  of  aircraft  fitted 
with  mandatory  radio  receiving  or  transmitting 
apparatus  an  additions!  reason  for  bonding  is 
to  provide  an  earth  system  of  low  resistance 
and  maximum  self  capacity  for  the  efficient 
operation  of  the  radio  equipment. 

(2)  See  also  Section  R  "Radio". 

7.1  The  metal  frame  and  mounting  struc¬ 
ture  carrying  each  radio  unit  shall  be  bonded 
to  the  main  earth  by  at  least  one  Primary 
Conductor  or  its  equivalent. 

7.2  Within  a  radiuB  of  2.4  metres  (8  feet) 
of  any  unscreaned  radio  and  radio  transmitting 
equipment  or  its  aerial  lead,  any  long  elec¬ 
trically  conducting  parts  (including  metallic 
pipe  lines  and  metal  braiding  and  conduit) 


which  are  not  insulated  from  eartn,  shall  be 
electrically  bonded  to  the  main  earth  system, 

7*3  Provision  shall  be  made  for  the 
bonding  of  all  radio  traniri  tti.ig  and 
receiving  apparatus  tc  the  main  earth  by 
means  of  one  or  more  Primary  Conductors,  or 
their  equivalent.  In  the  case  of  aircraft  of 
non-aetallic  or  composite  construction,  the 
main  bonding  strips  shall  be  connected  toget¬ 
her  near  these  points  with  Primary  Conductors. 

8.  RESISTANCE  AND  CONTINUITY  MEASUREMENTS 
-  (see  also  Appendix  No.  2)  The  aeroplane 
constructor  shall  prepare  and  submit  to  the 
Certification  Authorities  a  schedule  for 
resistance  and  continuity  measurements,  which 
shall  contain,  as  a  minimum  the  data  pre¬ 
scribed  in  para.  8.1  to  para.  8.3.  The 
measurements  shall  also  be  made  on  all  series 
aeroplanes. 

8.1  A  description  of  the  measuring 
apparatus  to  be  used  with  n  statement  of  the 
accuracy  which  is  claimed  for  the  equipment. 

8.2  A  description  of  *he  method,  or 
methods,  to  be  employed  for  the  attachment  of 
the  test  apparatus  to  the  aeroplanes  and  its 
equipment. 

NOTE:  Where  the  type  of  apparatus 
employed  and/or  its  method  of  attachment 
produces  test  values  in  excess  of  those  given 
in  Appendix  No.  2,  the  background  evidence  to 
show  the  acceptability  of  such  methods  should 
bo  detailed. 

8.3  A  detailed  list  of  ell  points  on 
the  aeroplane,  including  its  equipment,  for 
which  measurements  are  required  and  for  each 
set  of  measurements  the  maximum  acceptable 
resistance.  Measurements  are  required  to 
determine  the  efficacy  of  bonding  and  con¬ 
nection  between,  at  leaBt,  the  following: - 

8.3.1  Primary  Bonding 

(a)  the  extremities  of  the  fixed 
portions  of  the  aeroplane  and  such  fixed 
external  panels  and  components  where  the 
method  of  construction  and/or  assembly  leads 
to  doubt  as  to  the  repeatability  of  the  bond, 
e.g.  removable  panels, 

(b)  the  engines  and  the  main  aeroplane 
earth, 

(c)  external  movable  metal  surfaces  or 
components  and  the  main  aeroplane  earth, 

(d)  the  bonding  conductoro  of  external 
non-metallic  parts  and  the  main  aeroplane 
earth,  and 

(e)  internal  components  for  which  a 
Primary  Bond  is  specified  and  the  main  aero¬ 
plane  earth. 

8.3.2  Secondary  Bonding 

(a)  metallic  parts,  normally  in  cor .act 
with  flammable  fluids,  and  the  main  aeroplane 
earth, 

(b)  isolated  conducting  parts  subject 
to  appreciable  electrostatic  charging  and  the 
main  aeroplane  earth, 

(c)  electrical  panels  and  other  equip¬ 
ment  accessible  to  the  occupants  of  the 
aeroplane  and  the  main  aeroplane  earth,  to 
avoid  the  danger  of  electrical  shock  from 
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circuits  of  50  volts  (RMS  or  DC)  or  more, 

(d)  earth  connections,  which  normally 
carry  the  main  electrical  supply  and  the  main 
aeroplane  earth.  The  test  on  these  connec¬ 
tions  shall  be  such  as  to  ensure  that  the 
connections  can  carry,  without  risk  of  fire 
or  damage  to  the  bond,  or  excessive  volt  drop, 
such  continuous  normal  currents  and  intermit¬ 
tent  fault  currents  as  are  applicable. 

(e)  electrical  and  electronic  equipment 
and  the  aeroplane  sain  earth,  where  applicable, 
and  as  specified  by  the  aeroplane  constructor, 

(f)  static  discharger  wicks  and  the  main 
aeroplane  structure,  and 

(g)  the  main  aeroplane  earth  system  and 
ground,  measured  when  the  aeroplane  is  at  rest 

APPENDIX  NO.  1 

1.  ELECTRICAL  CHARACTERISTICS  OF 
LIGHTNING  DISCHARGES  -  In  the  absence  of 
better  information  the  data  contained  in  this 
Paragraph  1  should  be  used  for  the  purpose  of 
assessing  the  adequacy  of  lightning  discharge 
protection  of  aeroplanes.  Table  1  shows 
typical  lightning  characteristics. 

NOTES:  (1)  The  duration  oi  flash  may  be 
made  up  of  a  number  of  discharges. 

(2)  For  the  purposes  of  test  or 
assessment,  a  discharge  current  having  two 
components  (as  in  Table  2,  Appendix  No.  1) 
may  be  taken  as  being  equivalent  to  a  light¬ 
ning  strike  from  the  aspects  of  heatinr  and 
disruptive  forces. 

2.  THE  PROTECTION  OF  EXTERNAL  NON- 
METALLIC  PARTS  - 

2.1  Where  non-metallic  carts  are  fitted 
externally  to  the  aeroplane  in  situations 
where  they  may  be  exposed  to  lightning  dis¬ 
charges  (e.g.  radomes)  the  risks  include  the 
following: - 

2.1.1  the  disruption  of  the  materials 
because  of  rapid  expansion  of  gases  within 
them  (e.g.  water  vapour), 

2.1.2  the  rapid  build  up  of  pressure  in 
the  enclosures  provided  by  the  parts  resulting 
in  mechanical  disruption  of  the  parts  them¬ 
selves  or  of  the  structure  enclosed  by  them, 

2.1.3  fire  caused  by  che  ignition  of 
the  materials  themselvee  or  of  the  materials 
contained  within  the  enclosures,  and 

2.1.4  holes  in  the  non-metallic  part 
which  may  present  a  hazard  at  high  speeds. 

2.2  The  materials  used  should  not  absorb 
water  or  occlude  gases,  and  should  be  of  high 
dielectric  strength  in  order  to  encourage  sur¬ 
face  flash-over  rather  than  puncture.  Lami¬ 
nates  made  entirely  from  solid  material  are 
preferable  to  those  incorporating  laminations 
ef  cellular  material. 

2.3  Those  external  non-metallic  parts 
which  are  classified  as  Primary  Structure 
should  be  protected  by  Primary  Conductors. 

2.4  Where  damage  to  an  external  non- 
metallic  part  which  is  not  classified  as 
Primary  Structure  may  endanger  the  aeroplane, 
the  part  should  be  protected  by  adequate 


lightning  diverters. 

2.5  In  some  caeus  le.g.  radomes)  con¬ 
firmatory  tests  aiay  be  required  to  check  the 
adequacy  of  the  lightning  protection  provided. 

3.  LIGHTNING  STRIKE  ZONES  - 

3.1  Lightning  Strike  Zones.  It  is 
convenient  to  define  three  zones  on  the 
external  surface  of  the  aeroplane,  each 
having  a  different  lightning  strike  proba¬ 
bility.  (but  see  para.  3«1.4  for  aircraft 
of  non-convention&l  shape). 

3.1.1  Zone  1.  Surfaces  of  the  aero¬ 
plane  for  which  there  is  a  high  probability 
of  direct  stroke  attachment.  These  areas 
are:- 

(a)  within  0.5  metre  08  inches)  of 
any  trailing  edge  or  tail  extremity, 

(b)  within  0.5  metre  (18  inches)  of 
wing  tip  measured  parallel  to  the  tip, 

(c)  within  0.5  metre  08  inches)  of 
any  sharp  leading  edge  which  is  lil.ely  to 
form  a  point  of  attachment  for  lightning 
strikes, 

(d)  forward  unprotected  projections 
(e.g.  nose  of  aircraft,  engine  nacelle 
forward  of  wing),  and 

(e)  any  other  projecting  part  may  con¬ 
stitute  a  point  of  attachment. 

3.1.2  Zone  2.  Surfaces  for  which  there 
is  a  probability  of  strokes  being  swept  rear¬ 
ward  from  a  Zone  1  point  of  direct  stroke 
attachment  (e.g.  fuselage  nose).  Zone  2 
extends  0.5  metro  (18  inches)  laterally  to 
each  side  of  fore  and  aft  lines  passing 
through  Zone  1  forward  projection  points  of 
stroke  attachment.  All  fuselage  surfaces 
and  surfaces  of  nacelles  not  defined  as 

Zone  1  are  included  in  Zone  2  unless  it  can 
be  shown,  for  example,  that  certain  nacelle 
surfaces  are  adequately  protected  by  their 
position  relative  to  the  wing. 

3.1.3  Zone  3*  Surfaces  for  which  there 
is  only  an  Extremely  Remote  probability  of 
direct  or  swept  strokes.  Ignition  sources 

in  these  are  as  would  exist  only  in  the  event 
of  streamering.  This  zore  includes  all  sur¬ 
faces  of  the  aeroplane  not  coming  under  the 
definitions  for  Zones  1  and  2. 

3.1.4  General.  Guidance  on  the  Zones 
for  a  particular  aeroplane  configuration  may 
be  obtained  by  simulated  lightning  strike 
tests  on  a  model  aeroplane.  Such  testing  is 
particularly  desirable  for  aircraft  of  non- 
conventional  shape. 

4.1  Available  data  indicates  that 
effective  fuel  system  lightning  protection 
is  obtained  if:- 

(a)  in  Zone  1 ,  the  protection  takes 
account  of  all  fuel  system  parts,  direct 
strokes,  the  attendant  blast  effects,  and 
possible  penetration,  vent  outlets  are  pro¬ 
tected  against  the  effects  of  direct  stroke 
attachment  and  semi-insulated  fuel  system 
parts  are  designed  to  prevent  sparking  when 
flammable  vapours  can  exist. 

(b)  in  Zone  2,  vent  outlets  and  semi- 
insulated  fuel  system  parts  are  protected 
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TABLE  1  (APPENDIX  NO.  1) 


Charge  transfer 

maximum 

- — 

6CO  coulombs 

normal 

50  to  200  coulombs 

Peak  current 

maximum 

500  kA 

normal 

about  50  kA 

Duration  of  flash 

maximum 

2  seconds 

Duration  of  peak  current 

about  25  micro  s 

econds  to  half  peak  value, 

critically  damped  | 

1 

TABLE  2  (APPENDIX  NO.  1) 


Component 

Pe->k  current 

Duration 

Charge  transfer 

1 

200  kA 

To  crest  value  in 

15  micro  seconds 
decaying  to 

50000  amperes  in 

30  micro  seconds 
from  initiation 

't  coulombs 

2 

fOO  amperes 

1  e?cond 

rectangular  wave 

— . .  11. 

500  coulombs 

TABLE  3  (APPENDIX  NO.  1) 


FUEL  SYSTEM  PART 

ZONE  1 

ZONE  2 

ZONE  3 

Tank  skin 

Aluminium  alloy 
thicker  than 

2  mm  v0.080  in) 
or  equivalent 

' 

•  See  Note 

1 

1 

! 

Flush  or  recessed 
fuel  vent  outlets 

Protect  against 
direct  strokes 
and  streamering 

Protect  against 
direct  strokes 
and  streamering 

1 

.  ...  i 

Protruding  types 
of  fuel  vent 
outlets 

Protect  against 
direct  strokes 
and  atreamering 

Protect  against 
direct  strokes 
and  streamering 

! 

Protect  against 
streamering  j 

i 

.1 

Access  doors, 
filler  caps  and 
other  semi- 
insulated  parts 

Protect  against 
direct  stroke 
attachments 

Protect  against 
direct  stroke 
attachments 

i 

1 

i 

’NOTE:  Protection  may  be  required  for  those  tank  surfaces  which  are  exposed  to  swept  strokes. 
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in  the  sane  manner  as  for  Zone  1 . 

(c)  in  Zone  3<  vent  outlets  having  a 
protruding  configuration  are  protected  to 
avoid  ignition  of  fuel  vapours  by  streamering. 

4.2  A  tabular  description  of  Zones  and 
protection  guidelines  is  given  in  Table  3 
(Appendix  No.  1). 

4.3  General  Guidelines  foi  Detailed 
Design  Features 

4.3.1  Access  Doors  and  Filler  Caps 

(a)  Positive  measures  should  be  taken 
to  prevent  internal  arcing  and  sparking  such 
as:- 

(i)  the  provision  of  a  continuous  ruid 
good  electrical  contact  around  the  entire 
periphery  of  the  part,  and 

(ii)  to  design  the  part  in  such  a  way 
that  any  arcing  or  sparking  which  might  occur 
would  take  place  on  the  outside  of  the  fuel 
tank  rather  than  on  the  inside. 

(b)  At  present  the  only  satisfactory 
method  of  evaluating  the  efficacy  of  the 
precautions  described  in  para.  3.3.1(a)  has 
been  found  *o  be  by  testing  using  discharges 
equivalent  to  those  given  in  Table  2 
(Appendix  No.  1)  for  components  1  and  2. 

NOTE:  A  suitable  test  method  is 
described  in  FAA  Advisory  Circular  AC  20-53 t 
which  cancels  and  replaces  AC  25-3A. 

4.3.2  Vent  Outlet  Designs.  Ve.it  outlet 
configurations  can  usually  te  described  in 
three  general  classes  as  described  in  para. 
3.3.2(a)  to  (c). 

NOTE:  Lockheed  Report ,  Document  NASA 
TN  D-2240  'Investigation  of  Mechanisms  of 
Potential  Aircraft  Fuel  Tan!  Vent  Fires  and 
Explosions  caused  by  Atmospl  eric  Electricity' , 
includes  a  description  of  typical  designs. 

(u)  Class  1.  A  mast  type  vent  wnich 
discharges  into  the  outlet  wake  with  mixing 
taking  place  downstream  (e.g.  Figure  8(a)  of 
Lockheed  Report). 

(b)  Claes  2.  A  mast  type  vent  dis¬ 
charging  into  the  free  stream.  In  this  case 
the  vent  outlet  is  separated  from  the  exter¬ 
nal  surface  sufficiently  to  discharge  the 
fuel  vapours  away  from  the  boundary  layer 
(e.g.  Figure  8(b)  of  Lockheed  Report). 

(c)  Class  3.  Flush  type  vent  designs 
discharging  into  the  boundary  layer  (e.g. 
Figures  8(a),  (d),  (e)  and  (f)  of  Lockheed 
Report). 

(d)  Class  1  and  2  vents  are  considered 
likely  points  for  streamer  formations  whereas 
Class  3  vents  are  not. 

(e)  The  evaluation  of  venting  systems 
having  outlets  located  in  Zones  1  and  2, 
regardless  of  the  class  of  outlet  configura¬ 
tion,  involves  consideration  of  all  conditions 
resulting  from  a  lightning  strike  at  or  ne&“ 
the  outlet  (including  blast  pressures). 

Various  means  of  preventing  ignition  or 
arresting  flame  propagation  are  considered 
feasible;  however  the  actual  performance  of 
the  protective  means  is  not  usually  predic¬ 
table  without  suitable  testing.  Some  examples 
of  protective  means  are:- 


(i)  dilution  of  vented  vapours  with 
fre  h  air  to  keep  the  mixtures  in  the  'too 
lean'  range, 

(ii)  acceleration  of  the  vented  vapours 
by  ram  air  to  an  exit  speed  above  the  flame 
propagation  speed, 

(iii)  flame  arresters, 

(iv)  fire  and  explosion  suppression 
devices,  and 

(v)  use  of  an  inert  atmosphere  in  the 
venting  system. 

(f)  For  vent  outlets  which  are  located 
in  Zone  3,  the  flush  designs  (Class  3)  are 
considered  relatively  immune  fioa  streamering 
formations,  whereas  the  protruding  types 
(Classes  1  and  2),  are  considered  to  be  likely 
points  for  streamer  formations  and  protection 
of  the  vent  against  flame  propagation  is 
important.  A  frame  arrester  could  furnish 
this  protection;  however  the  design  conditions 
for  the  flame  arrester  would  not  be  as  severe 
as  in  the  case  of  vents  located  in  Zones  1  and 
2  because  of  the  absence  of  blast  pressure 
effects.  Tests  conducted  to  show  the  flame 
propagation  characteristics  through  vent  out¬ 
lets  located  in  Zone  3  can  bo  conducted  with 
a  low  energy  source  for  ignition  (e.g.  a 
spark  plug). 

4.3.3  Flame  Arresters.  The  only  re¬ 
liable  method  for  determining  the  capability 
of  a  flame  arrester  design  is  to  test  it  under 
pressure  characteristics  likely  to  be  encoun¬ 
tered  from  a  natural  lightning  stroke  and  with 
a  reasonably  accurate  reproduction  of  the 
actual  vent  design  including  tuoing  bends, 
obstructions  and  outlet  shape.  Evaluation  of 
the  flame  arrester  also  includes  the  deter¬ 
mination  that  no  hazards  (e.g.  icing)  are 
introduced  by  the  addition  of  the  flame 
arrester. 

4.3.4  The  Protection  of  Fuel  Tanks.  In 
order  to  avoid  the  risk  of  lightning  discharge 
to  fuel  tanks  the  surfaces  of  which  are  effec¬ 
tively  part  of  the  external  surface  of  an  air¬ 
craft  the  following  precautions  should  be 
observed:- 

(a)  Fuel  should  not  te  stored  in  the 
leadirg  or  trailing  edges  of  wings,  tailplanes 
fins,  etc.,  or  in  the  extremities  of  the  fuse¬ 
lage. 

(b)  Fuel  should  not  be  stored  within 
0.5  metre  (18  inches)  of  the  tips  of  wings, 
etc. 

(c)  The  exposed  external  surfaces  of 
the  tanks  should  be  free  of  sharp  projections, 
edges  or  small  radii. 

Where  it  is  not  pcesible  to  situate  tanks 
which  are  effectively  part  of  the  external 
surfoce  of  the  aircraft  as  described  in  para. 

4.3.4  (a)  and  (b)  (e.g.  in  the  case  of  wing 
tip  tanks)  precautions  as  detailed  in  para. 

4. 3* 4.1  or  4.3.4 .2,  as  appropriate,  should  be 
waken. 

4. 3.4.1  Metal  Tanks 

(a)  Measures  should  be  taken  to  prevent 
explosive  mixtures  from  occurring  within  the 
tank,  or 


(b)  It  should  be  established  that  an 
explosion  occurring  within  the  tank  would  not 
cause  a  catastrophe,  or 

(c)  Where  exposed  to  lightning  strixes, 
the  tank  wall  thickness  should  not  be  less 
than  0.08  in.  Additionally,  the  exposed 
extremities  of  tip  and  pod  tanks  should  not 
contain  fuel.  The  exposed  external  surfaces 
of  the  tanks  should  be  smooth,  or 

(d)  The  exposed  ends  of  the  tank  should 
not  contain  fuel  and  the  tanks  should  be 
fitted  with  adequate  lightning  diverters.  In 
such  cases  the  vails  of  the  tank  should  not  be 
less  than  0.04  in.  thick. 

4.3 .4.2  Kon-metallic  Tanks.  The  exposed 
ends  of  the  tank  should  not  contain  fuel  and 
the  external  surfaces  of  the  tank  should  be 
protected  by  lightring  diverters  at  least  to 
the  standard  required  for  non-metal lie  air¬ 
craft.  The  inside  of  the  tank  should  be  kept 
as  free  as  possible  of  metal  work  and  such 
metal  work  should  be  bonded  by  primary  con¬ 
ductors  to  the  main  earth  system  of  the  air¬ 
craft  at  the  root  of  the  tank.  The  internal 
bonding  system  should  be  so  designed  and 
arranged  in  relation  to  the  lightning  diver¬ 
ted  that  it  will  not  constitute  a  path  for 
the  discharge  in  the  case  of  the  tank  being 
struck  by  lightning. 

S  MAIN  EARTH  SYSTEMS  FOR  AIRCRAFT  OF 
NON-METALLIC  CONSTRUCTION  - 

5.1  Fuselage 

5.1.1  Four  or  more  conductors,  extending 
the  whole  length  of  the  fuselage,  should  be 
provided.  The  number  and  disposition  of  these 
conductors  should  be  such  that  they  are  not 
more  than  2  metres  (6  feet)  apart  as  measured 
round  the  periphery  of  the  fuselage  at  the 
position  of  greatest  cross  sectional  area. 

The  conductors  should  be  placed  on  or  near 
the  outer  skin  at  approximately  equal  inter¬ 
vals  and  joined  together  at  their  ends  in  the 
manner  described  in  para.  5.6. 

5.1.2  The  conductors  described  in  para. 

5.1.1  should  be  inter-connected  by  similar 
conductors  at  positions  corresponding  to  the 
terminals  provided  for  inter-conr.ecting  the 
wing  and  fuselage  main  earth  systems  and 
intermediately  at  intervals  not  exceeding 

6  metres  (20  feet). 

5.2  Wings  and  Tailplanes.  Conductors, 
extending  from  root  to  tip,  should  be  pro¬ 
vided  in  accordance  >..th  Table  4  (App.  No.  1). 
The  wing  or  tailplane  root  end  of  each  con¬ 
ductor  should  be  connected  to  the  fuselage 
main  earth  system,  and  the  outboard  en  is 
should  be  connected  in  the  manner  described 
in  para.  5*6.  The  stripe  should  be  trans- 
verseley  interconnected  by  similar  strips  at 
intervals  not  exceeding  6  metres  (20  feet). 

5.3  Fin  and  Ruddor.  A  conductor  should 
be  disposed  at  the  leading  edge  of  the  fin 
and  down  the  rudder  post.  A  further  conductor 
should  be  provided  at  the  trailing  edge  of  the 
rudder.  These  conductors  should  be  connected 
to  at  least  each  end  hinge  and  to  the  fuselage 
main  earth. 


5.4  Elevators.  A  conductor  should  be 
provided  at  the  trailing  edge  of  each  ele¬ 
vator.  The  conductors  should  be  connected  to 
at  least  each  end  hinge  and  to  the  fuselage 
main  earth. 

5-5  Ailerons  and  Wing-Flaps.  All 
aileron  and  wing-flap  hinges  should  be  con¬ 
nected  to  the  wing  main  earth,  and  a  conductor 
on  or  near  the  trailing  edge  of  each  aileron 
and  wing-flap  should  be  connected  to  each  end 
hinge  and  to  the  wing  main  earth. 

5.6  Lightning  Strike  Plates.  Lightning 
strike  plates,  extending  round  the  edge  of 
each  extremity  of  each  wing  and  tailplane, 
and  round  the  nose  and  tail  of  the  fuselage, 
should  be  provided  on  the  exterior  of  the 
aircraft  structure  except  where  existing 
metallic  structure  can  serve  the  same  purpose. 
The  jtrike  plates  may  be  covered  with  dope, 
fabric,  paint,  etc.,  if  desired.  Each  strike 
plate  should  consist  of  a  strip  of  copper  of 
not  less  than  2.5  mm  w'dth  x  0.45  mm  (1  in. 
width  x  26  SWG)  thickness,  o:  other  material 
of  equivalent  surge  current  capacity  and 
mechanical  robustness;  the  plate  should  be 
of  sufficient  length  to  extend  on  both  sides 
to  a  distance  of  600  mm  (24  in.)  as  measured 
from  the  outer  extremity,  and  should  form  the 
means  of  joining  togetner  the  ends  of  the 
main  earth  conductors  at  these  extremities. 

6.  PRIMARY  CONDUCTORS  - 

6.1  The  joints  detailed  in  this  para¬ 
graph  6.1  are  acceptable  as  parts  of  the 
Primary  Conductors 

6.1.1  Provided  that  all  insulating 
finishes  are  removed  from  the  contact  area 
before  assembly,  metal-to-metal  joints  held 
together  by  threaded  devices,  riveted  joints, 
structural  wires  under  appreciable  tension, 
and  bolted  and  clamped  fittings. 

NOTE:  A  surface  anodised  in  accordance 
with  Specification  DTD.910B  is  an  almost 
perfect  insulator  for  a  potential  difference 
of  les  than  130  volts,  but  the  surface  is 
readily  broken  by  the  rotation  of  a  bolt  head 
or  the  forming  of  a  rivet.  In  these  latter 
cases  it  is  unnecessary  to  remove  vhe  anodic 
finish..  However,  when  two  anodise,,  parts  are 
clamped  together  without  any  relative  motion 
being  involved,  the  anodised  surface  should  be 
removed  over  an  area  strictly  limited  to  that 
necessary  to  ensure  efficient  electrical  con¬ 
tact,  and  the  assembly  coated  with  a  suitable 
protective  material  such  as  a  jointing  com¬ 
pound  containing  barium  chromate. 

6.1.2  Most  cowl  fasteners  and  locking 
and  latching  mechanisms,  provided  that  the 
current  path  is  of  sufficiently  low  impedance. 

6.1.3  Metal-to-metal  hinges  for  doors 
and  panels  end  metal-to-metal  bearings 
(including  ball  bearings).  In  the  case  of 
bearings  in  control  surface  hinges  either  it 
should  be  demonstrated  by  test  or  by  reference 
to  relevant  experience  that  the  bearings  will 
withstand  a  lightning  discharge  without 
dangerous  seizure  or  the  bearings  should  be 
bonded  across  by  a  jumper.  In  the  latter  cas^ 
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TABLE  4  (APPENDIX  HO.  1) 


Wing  or  Tailplane 

Minimum 

Root  Chord 

Number  of 

Approximate  position 

(metres) 

Conductors 

Less  than  2.5 

2 

At  leading  edge  and 
trailing  edge. 

2.5  -  4.5 

Tt 

At  leading  edge,  trailing 
edge  and  mid  chord. 

4.5  or  more 

4 

At  leading  edge,  trailing 
edge,  1/5  chord  and  2/3 

chord . 

_ 

NOTE:  "Trailing  edge"  in  Table  4  (App.  No.  1)  refers  to  that  of  the  fixed  wing  or  tailplane 
structure  only.  "Wing  root  chord"  excludes  fillets,  but  includes  wing- flaps  in  the  retracted 
position. 
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bonding  jumpers  should  be  as  flexible  and  as 
short  and  of  as  low  an  impedance  as  is  prac¬ 
ticable  and  should  not  be  tinned.  Great  care 
should  be  taken  to  avoid  any  possibility  of 
the  jumper  jamming  the  controls  even  when  the 
jumper  is  disconnected. 

7.  ELECTROSTATIC  VOLTAGE  INDUCED  DURING 
HIGH  PRESSURE  REFUELLING  - 

7.1  With  standard  refuelling  equipment 
and  otandard  aircraft  turbine  fuels,  voltages 
high  enough  to  cause  sparking  may  be  induced 
between  the  surface  of  the  fuel  and  the  metal 
parts  of  the  tank  at  refuelling  rates  above 
250  gal/min.  These  induced  voltages  may  be 
increased  by  the  presence  of  additives  and 
contaminations  (e.g.  anti-corrosion  inhibi¬ 
tors,  lubricating  oil,  free  water),  and  by 
splashing  or  spraying  of  the  fuel  in  the  tank. 

7.2  The  static  charge  can  be  reduced  in 
the  following  way s:- 

(a)  By  measures  taken  in  the  refuelling 
equipment  such  as  increasing  the  diameter  of 
refuelling  lines  and  designing  filters  to  give 
the  minimum  of  electrostatic  charging. 

(b)  By  changing  the  electrical  proper¬ 
ties  of  the  fuel  by  the  use  of  anti-static 
additives  and  thus  red  icing  the  accumulation 
of  static  charge  in  the  tank  to  a  negligible 
amount. 

(c)  Floor-filling  of  each  compartment. 

7-3  The  critical  refuelling  rates  are 

related  to  the  aircraft  refuelling  installa¬ 
tions,  and  the  designer  should  seek  the  advice 
of  fuel  suppliers  on  this  problem. 

8.  THE  USE  OF  NON-METALLIC  MATERIALS 
RELATIVE  TO  ATMOSPHERIC  ELECTRICAL  HAZARDS  - 

S.1  Some  of  the  materials  used  and 
possible  effects  upon  the  aircraft  and  its 
systems  are  considered  belo,- 

<a)  Non  conducting  materials  such  as 
fibre  glass  or  all  plastic  honeycomb. 

Mechanical  damage  may  be  caused  to  such 
materials  by  the  passage  through  them  oi  a 
lightning  strike,  with  possible  resultant 
effects  upon  the  airframe  on  other  systems 
(see  also  App.  No.  1  para.  2).  Loss  of  the 
intrinsic  screening  provided  by  a  metal  air¬ 
frame  must  also  be  considered  and  the  possible 
interference,  by  lightning  strikes  or  static 
discharges,  witn  critical  control  systems, 
taken  into  account. 

(b)  Composite  materials  such  as  metal 
skinned  plastic  honeycomb  or  plastic  skinned 
metal  honeycomb. 

Effects  similar  to  those  in  (a)  above 
depending  upon  the  materials  used  and  their 
1  jeation. 

(0)  Carbon  (or  Boron)  fibre  reinforced 
plastics. 

Effects  similar  to  those  listed  in  (a) 
aoove  with,  .n  addition,  possible  severe 
degradation  of  the  mechanical  strength  of  the 
material  if  it  is  used  in  such  a  way  as  to 
make  it  possible  for  the  conducting  fibres  to 
carry  lightning  currents.  Present  evidence 
indicates  that,  in  such  cases,  the  material 
must  be  protected  by  a  suitable  conducting 


cage. 

(d)  Paint  finishes. 

Certain  paints  are  particularly  good 
electrical  insulators  and  experience  has 
shown  that  an  appreciable  static  build  up 
can  occur  with  resultant  interference  witn 
aircraft  systems.  There  are  also  indications 
that  such  paint  finishes  can  affect  the  path 
and  restrike  locations  01  swept  lightning  stro¬ 
kes. 

8.2  In  general,  some  form  of  high  vol¬ 
tage/current  tests  will  be  required  to  give 
confidence  that  structure  will  not  be  damaged 
in  such  a  way  as  to  hazard  the  aircraft. 

Close  attention  will  be  required  both  in  the 
design  of  the  airframe  and  of  the  systems  to 
ensure  that  electrical  interference  effects 
are  minimised.  Where  appropriate,  tec  will 
be  required  to  ensure  that  these  design  -aims 
have  been  satisfied. 

APPENDIX  NO.  2 

1.  MEASUREMENT  OF  ELECTRICAL  RESISTANCE 
AND  BONDING  - 

1-1  Several  methods  of  measuring  low 
values  of  resistance  are  available,  but  it 
has  been  determined  that,  in  general,  three 
methods  are  normally  used  on  aircraft,  viz:- 

1.1.1  A  Bonding  Tester  with  integral 
battery  and  indicator  with  voltage  and  current 
coils. 

NOTE:  This  instrument  is  normally 
supplied  with  connection  leads  and  prods. 

1.1.2  A  double  bridge  milliohmmeter 
method  using  a  current  of  not  less  than 
''O  ampere*  in  the  uor.d. 

NOTE:  Joints  should  be  made  using 
bolted  connections. 

1.1.3  Ammeter-Voltmeter  method  using 
calibrated  ammeter  and  voltmeter  and  boll  id 
connections  or  a  combination  of  bolted  con¬ 
nections  and  prods. 

1.2  Largo  variations,  up  to  approximately 
an  order  of  difference,  ir.  measured  results 
car.  be  obtained,  when  measuring  the  same 
resistance,  depending  on  the  test  equipment 
and  connections  us  d.  The  values  quoted  in 
Taole  1  (Appendix  No.  2)  are  based  on  the  use 
of  bolted  connections.  Where  other  methods 

of  attachment  are  used,  which  produce  higher 
resistance  values,  these  may  be  acceptable 
subject  to  satisfactory  evidence  in  their  use. 

1.3  Table  1  (Appendix  No.  2)  gives 
guidance  on  the  acceptable  maximum  values  ol 
resistance  which  experience  has  shown  to  give 
satisfactory  results.  As  described  in  Parc. 

1,  ;hese  are  based  on  the  use  of  bolted  con¬ 
nections  and  higher  values  may  be  acceptaole. 

■SUMMARY 

The  preceding  section  of  the  paper  provides 
a  detailed  proposal  for  the  airworthiness 
requirements  for  bonding  and  lightning  pro¬ 
tection  for  modern  aircraft.  It  is  felt  that 
this  proposal  should  prcv.de  adequate  guidance 
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Paragraph 

No. 

PRIMARY 


8.3.1(a) 


•3.1(b) 


8.3.1(c) 


8.3.-(d) 

8.3.1(e) 


Between  extremities  of  the 
fixed  portions  of  the  aero¬ 
plane  and  between  fixed  panels 
and  components  as  specified. 


Between  engines  and  aeroplane 
earth. 


Between  external  components 
and  aeroplane  earth. 


Between  conductors  on  ex¬ 
ternal  non  metallic  parts  and 
aeroplane  earth. 

Eetween  internally  mounted 
primary  bonded  components 
and  aeroplane  earth. 


Maximum  resistance  in 
Millohms  using  Bolted 
Connections 


1  for  light  alloy 
10  for  stainless  steel 


1  for  light  alloy 
10  for  stainless  steel 


5  for  light  alloy 
10  for  stairless  steel 


Paragraph 

No. 

SECONDARY 

Condition 

8.3.2(a) 

Between  metallic  parts 
normally  in  contact  with 
flammable  fluids  and  aero¬ 
plane  earth. 

8.3.2(b) 

Between  isolated  conducting 
parts  subject  to  appreciable 
electrost;  tic  charging  and 
aeroplane  earth. 

8.3.2(c) 

For  the  avoidance  of  elec¬ 
trical  shock  from  equipment 
which  carries  yO  volt  (RMC 
or  DC)  or  more. 

8.3.2(d) 

Mam  electrical  ear  connec¬ 
tions. 

8.3.2(e) 

Between  electrical  and  elec¬ 
tronic  equipment  and  aeroplane 
earth. 

8.3.2(f) 

Between  static  discharger 
wicks  ar.d  structure. 

8.3.2(g) 

Between  aeroplane  earth  and 
ground 

Maximum  Resistance  in 
Milliohms  (unless  otherwise 
stated)  Using  Suitable  Test 
Equipment 


10  for  light  alloy 
100  for  stainless  steel 


0.5  Megohm  or  not 
exceeding  Oha/square 
surface  resistivity  for 
non  conducting  surfaces  in 
contact  with  the  metal  air¬ 
frame. 


50mV  drop  for  normal 
currents. 


s'here  applicable  to  be 
specified  by  the  aeroplane 
constructor 


10  Megohms 
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as  well  as  regulatory  material,  to  cover,  at 
least,  the  next  generation  of  civil  aircraft. 
While  the  format  of  this  proposal  differs 
from  that  of  the  U.S.  Specification  Mfl^-5CS7, 
it  is  suggested  that  the  proposed  revisions  to 
the  MIL  specification  should  take  into  account 
the  material  of  this(U.K.)  proposal  both  to 
ensure  adequate  safety  of  the  aircraft  and  as 
a  basis  for  ensuring  a  common  international 
approach  to  the  problem  areas. 
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ABSTRACT 


S 


Aircraft  flying  close  to  or 
through  a  thunderstorm  active  area  are 
likely  to  be  subjected  to  a  lightning 
strike.  The  outer  skin  of  an  aircraft 
usually  comprises  thin  metallic  sheets 
and  consequently  there  is  a  finite 
risk  that  the  skin  will  be  punctured. 
Laboratory  tests  are  performed  to 
investigate  the  vulnerability  of 
panels  in  critical  areas.  Existing 
airworthiness  specifications  dictate 
the  current  waveform  to  be  used,  but 
do  not  identify  the  electrode  condi¬ 
tions  and  configurations.  It  will  be 
shown  that  the  latter  are  of  great 
significance,  and  this  suggests  that 
for  all  future  airworthiness  require¬ 
ments  the  electrode  geometry  should  be 
specified. 

THE  OBJrCTIVES  of  this  experimental 
work  were  to  determine  the  minimum 
number  of  coulombs  required  to  punc¬ 
ture  Aluminium  Alloy  (HE  15)  sheets  as 
a  funccion  of  peak  current,  polarity, 
waveshape,  arc  length  and  electrode 
diameter.  Airworthiness  authorities 
consider  that  0.080"  (2  mm)  of  the  A1 
alloy  is  sufficient  to  give  adequate 
lightning  protection,  ani  this  thick¬ 
ness  was  chosen  for  thi ^  investigation. 

EQUIPMENT 

The  test  equipment  comprised: - 

(a)  200  kJ,  20  kV  capacitor  bank 

capable  of  being  crowbarred  to 

give  a  unidi-ectional  waveform. 

(b)  Photodiode  detection  unit. 

(c)  Range  of  inductors  0.41-12.6  mK. 

(d)  Electrode  diameter  of  14.7  mm  and 

9.5  mm. 

The  capacitor  current  was 
measured  using  a  coaxial  shunt  with  an 
L/R  time  of  about  20  us.  A  filter  was 
olaced  in  front  of  the  photodiode 
which  completely  blocked  out  the 
infrared,  but  was  transparent  to  the 
blue  end  of  the  spectrum.  Puncture 
could  therefore  be  determined  within 
50  ps.  The  general  arrangement  xs 
shown  in  Figure  1.  The  current  wave¬ 
form  and  the  signal  from  the  photo¬ 
diode  were  displayed  on  the  same 
oscilloscope,  so  that  the  number  of 
coulombs  to  produce  puncture  could 
easily  be  evaluated.  The  current  rise 


time  was  between  1  ms  and  5  ms  with 
the  decay  of  current  mainly  dominated 
by  the  arc  voltage  which  was  about 
150  V  for  3  mm  electrode/sheet 
spacing.  Consequently  the  waveshape 
was  approximately  triangular,  with 
puncture  occurring  before  50%  of  the 
cuxrent  decay  in  the  majority  of 
cases. 

The  electrode/sheet  spacing  was 
varied  between  3  mm  and  300  mm  and  at 
all  spacings,  except  where  indicated, 
a  33  SWG  copper  fuse  wire  was  used  to 
produce  the  initial  breakdown.  Two 
rod  electrodes  of  Copper-Tungsten 
sintered  material  of  9.5  mm  and 
14.7  mm  diameter  were  used  in  order  to 
investigate  the  effects  of  changes  of 
electrode  size. 

RESULTS 

Figure  2  shows  a  graph  of  the 
number  of  coulombs  required  to  punc¬ 
ture  the  2  mm  of  Al  alloy  against 
puncture  time  for  14.7  mm  and  9.5  mm 
electrodes  with  3  mm  spacing  for  posi¬ 
tive  and  negative  polarities. 

Figure  3  shows  a  similar  graph  where 
the  peak  current  has  been  plotted  as  a 
function  of  puncture  time. 

With  the  sheet  as  an  anode,  there 
was  a  wide  scatter  in  the  experimental 
results,  particularly  for  the  low 
current,  long  time  shots.  For  the 
14.7mm  diameter  electrode  the  coulombs 
required  to  give  a  time  of  25  ms 
varied  between  29  and  72  C  and  for  the 
3.5  mm  diameter  between  15  and  29  C. 
The  curve  drawn  for  this  condition 
shows  a  trend  rather  than  an  accurate 
graph.  These  results  which  are  of  the 
opposite  polarity  to  previous  work 
(1,2)*  are  in  reasonable  experimental 
agreement  with  those  obtained  by  Brick 
(3)  using  a  400  V  battery  system. 

With  the  sheet  as  a  cathode,  the 
scatter  was  relatively  small,  and  the 
result  reproducible.  The  curve 
through  these  points  was  lower  but  of 
she  same  shape  as  those  previously 
described  (1,  2)  for  a  9.5  mm  elec¬ 
trode  without  a  fuse  wire  initiation. 


•Numbers  in  parentheses  designate 
References  at  end  of  paper. 
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ph  of  number  of  Coulombs  required  to  puncture  2 
Al.  alloy  aqainst  puncture  time  for  147  mm  and 

5mm  electrodes  with  3mm  arc  length. 
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Fig.  3.  Graph  of  Peak  current  required  to  puncture  2  mm 
of  Al.  alloy,  aqainst  puncture  time  for  I4*7mm  and 
9-5mm  electrodes  with  3mm.  arc  length . 
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Ar>  investigation  into  the  effects 
of  omitting  the  fuse  wire  initiation 
with  the  9.5  mm  electrode  showed  that 
at:  about  15  kA  and  a  3  mm  arc,  the 
number  of  coulombs  required  to  punc¬ 
ture  were  reduced  by  about  20% 
compared  with  he  coulombs  under  air 
breakdown  conditions.  At  this 
particular  current  level  the  results, 
both  with  and  without  the  fuse  wire, 
happen  to  be  independent  of  polarity. 

It  should  be  noted  that  there  is 
a  minimum  in  the  coulomb  curves 
(Figure  2)  which  occurs  at  about 
1,000  amps.  Thus,  it  is  possible  for 
the  required  coulombs  to  be  produced 
by  either  high  current,  short-time 
(5  kA,  10  ms)  or  low  current  long-time 
pulses  (700  amps,  70  ms). 

Figure  4  shows  the  variation  in 
the  number  of  coulombs  required  to 
puncture  as  a  function  of  arc  length 
for  both  polarities  and  an  electrode 
diameter  of  9.5  mm.  This  shows  that 
there  is  a  significant  variation  in 
the  number  of  coulombs  and  that,  with 
the  longer  arc,  more  energy  can  be 
absoroed  by  the  sheet  before  puncture 
occurs.  For  instance,  with  the  sheet 
as  a  cathode,  the  number  of  coulombs 
under  short  arc  conditions  is  about  60, 
whereas  for  long  arcs  up  to  about  250  C 
are  required.  This  effect  is  probably 
due  to  limited  movement  of  the  arc 
root  on  the  sheet.  In  the  case  of  an 
epoxy  painted  surface,  where  the  paint 
probably  reduces  the  arc  root  movement, 
twice  the  coulorrls  can  be  absorbed 
with  a  300  mm  arc  compared  with  a 
10  mm  arc  length. 

The  results  also  indicate  that 
the  effect  of  arc  length  is  even 
greater  with  the  (unpainted)  alloy 
sheet  as  an  anode,  and  with  arc  Jengths 
of  greater  than  a  few  cm,  more  coulombs 
can  be  absorbed  than  as  a  cathode. 

This  is  against  the  trend  of  the  short 
arc  results. 

CONCLUSIONS 

It  has  been  shown  that  the  elec¬ 
trode  conditions  and  configurations 
can  be  responsible  for  producing  wide 
variations  in  the  number  of  coulombs 
required  to  puncture  2  mm  of  Al  alloy. 
It  is  important  that  any  future  air¬ 
worthiness  specifications  should 
detai'  die  electrode  configuration  to 
be  used  to  ensure  that  all  components 
are  tested  to  the  same  standard,  and 
if  possible  to  give  a  better  approxi¬ 
mation  to  in-flight  conditions. 
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Cowments  on  H1L-B-5087B(2),  Bonding,  Electrical, 
and  Lightning  Protection,  for  Aerospace 
System* 

Floyd  7,  Holder 
Lockheed-Ceorgla  Company 

1.  In  paragraph  3,3.4  the  tern,  "lightning 
entry"  needs  clarifying.  Some  tend  to 
understand  this  to  mean  literally  a  flash 
going  through  an  electromagnetic  opening, 
such  as  a  windshield  or  radone.  This  la 
ouch  too  narrow  a  view,  so  an  Improvement 
would  be  "lightning  or  lightning-effects 
entry."  The  object  wuld  be  to  cover 
such  considerations  as: 

Lightning-caused  internal  hot  spots 
in  fuel  tanks,  even  if  burn-through 
does  not  occur. 

Lightning-caused  air-breakdown  or 
conductive-contact  sparking  at  fuel 
tank  closures,  joints,  fasteners,  etc. 
Lightning-energy  in  electrical  form,  (i.e,, 
without  accompanying  heat,  light,  pressure, 
and  sound,  along  antenna  leads,  wiring, 
control  cables,  ducting,  screw  jacks, 
etc.  Entry  may  be  by  conduction  or 
induction. 

Lightning-caused  personnel  hazards  duo 
both  to  IZ  drops  along  structure  and 
interfaces  and  to  Induced  effects 
resulting  from  personnel  exposure  to 
intense  electric  and/or  magnetic  fields 
or  flux  changes. 

2.  Paragraph  3.3.4  as  revised  by  Amendment  2 
states,  "Lightning  protection  shall  be 
provided  at  all  possible  points  of  entry 
into  the  aircraft  and  shall  be  proven  by 
test."  The  Intent  hare  was  probably  that 
it  shall  be  proven  by  test  that  lightning 
5  otectior.  is  provided  at  all  possible 
points  of  entry.  But  the  statement  can  be 
construed  to  mean  virtually  that  lightning 
protection  at  every  possible  point  of  entry 
must  be  proven  by  test.  There  is  a  subtle 

but  vast  difference  in  the  two  intrepretations. 
Depending  on  who  is  doing  the  construing, 
the  second  interpretation  could  lead  to  a 
fantastic  and  unnecessarily  expensive 
lightnins-test  program.  This  would  be  a 
"swing  of  the  pendulum"  too  far  in  the 
opposite  direction  to  the  test  applicability 
prior  to  Amendment  2,  which  is  discussed  in 
item  3,  below. 

3.  Paragraph  3. 3. 4, 5  states,  "Laooratory  tests 
of  lightning  protection  provisions  for 
external  sections,  such  as  radomes  and 
canopies,  shall  be  performed  ......" 

Before  the  amendments  this  was  the  only 
statement  of  lightning-test  applicability. 

It  raises  wide-open  questions  as  to  what  all 
is  meant  by  "external  sections,"  especially 
since  the  lightning-oriented  reader  may 
well  not  associate  "external  sections  ," 
with  such  things  as  fuel-tank  closures.  He 


knows  that  such  closures  are  usually  most 
needful  of  lightning-integrity  testing;  yet 
the  limited  reference  only  to  radomes  and 
canopies  tends  to  steer  away  from  any  such 
requirement.  As  a  result,  conscientious 
military-aircraft  manufacturers  have 
tended  either  to  set  their  own  requirements 
(with  3. 3.4. 5.  as  a  lower  boundary)  or  to 
be  guided  by  FAA  Advisory  Circular  AC  20-53, 
or  both. 

4.  In  both  paragraphs  3.3.4  and  3. 3. 4. 5  the 
test-waveform  description  is  unnecessarily 
restrictive  for  most  high-current -test 
purposes.  A  damped  oscillatory  wave  is 
usually  entirely  adequate  and  much  easier 
to  obtain  than  the  unipolar  pulse  described 
especially  with  the  included  90-percent- 
polnt  description  given.  Commonly  the 
peak  current  is  stipulated,  then  the  rise 
time  from  t  »  0  (the  beginning  of  the 
current  transient)  to  t  ■  t  peak,  and 
then  the  total  time  from  :  ■  0  to  t  »  50 
percent — i.e.,  from  t  »  0  to  that  instant 
at  which  the  current  becomes  one-half  its 
(maximum)  peak  after  having  just  passed 
that  peak.  Thus,  a  test  strike  that  r-^rc 
to  a  peak  of  200,000  amperes  in  10 
microseconds,  then  dropped  through  100, &00 
amperes  in  a  total  time  of  20  microseconds 
would  be  called  a  200,000  ampere,  10/20 
strike.  The  Lightning  and  Transients 
Research  Institute  (LTRI)  has  often 
contended  that  a  15/30  strike  is 
appropriate.  OtherB  favor  other  waveforms. 

For  example,  Dr.  Martin  A.  Uman  in  his 
McGraw-Hill  bock  Lightning  (page  4)  shows 
2/40  as  representative  of  (widely  variable) 
measurements  made  at  the  ground.  MIL-A-9Q94D, 
Arrester,  Lightning,  General  Specification 
for,  calls  for  both  100, 000-ampare,  5/10 
and  200, 000-ompere,  10/20  strikes.  In 
any  event,  liberal  time  tolerances  in 
MIL-B-5087  (not  presently  given  there) 
should  be  justifiable  on  the  basis  of 
the  wide  divergence  of  values  given  in  the 
literature-  And  allowing  the  trail-off 
oscillations  for  practical  testing  should  be 
justifiable  on  the  premise  that  for  hardware- 
test  purposes  thoae  oscillations  merely 
increase  the  stringency  of  the  test  slightly 
again  in  the  face  of  the  wide  variability 
of  data  on  the  severity  of  natural  lightning. 
If  high-rate-of-current-rise  testing  is  to 
be  performed  separately-— as  later  comment 
will  support — the  larger  numbers,  such  as 
15/30,  give  a  more  stringent  high-current 
test  than  Che  smaller,  such  as  5/10, 
because  the  energy  spent  at  the  test  specimen 
is  greater.  Thus, 


where  R,  in  simple  terms,  is  the  effective 
resistance  of  the  energy-dissipating  portion 
of  the  test  specimen  and  is  assumed  to  be  e 
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flxea-shape  function  of  t. 

5.  Paragraph*  3,3.4  and  3. 3. 4, 5,  and  tha 
amendments,  link  the  hlgh-rate-of  rise 
component  directly  to  the  high-current 
component.  Not  only  does  this  make  for  a 
waveform  that  for  most  hardvare-teat  purposes 
le  unnecessarily  hard  and  expensive  to  obtain, 
it  tends  to  obscure  what  are  best  kept  as  two 
separate  effects:  viz,  Induced  voltage 
transients  (from  the  high-rate-of-rlse 
component)  and  blest/  metallic-sparking/ 
electromechanical  effects  (from  the 
high-current  component).  It  Is  hereby 
suggested  tuat  these  and  other  components, 
and  various  limits  of  each  where  applicable 
(e.g. ,  200  coulombs  as  one  "high-coulomb" 
limit  and  500  coulombs  a»  another),  be 
enumerated  separately,  ‘ihs  preparer  of  a 
given  subsystem  or  system  purchasing 
specification  could  then  easily  assemble 

for  lightning  protection  merely  by 
reference  to  the  proper  item  identifiers  in 
MIL-B-5087  (Rev.).  Similarly,  appropriate 
composite  strikes  (test  strikes  combining 
two  or  more  components)  could  also  be 
readily  called  out,  where  desirable. 

6.  Some  clarification  accompanying  the 
last  sentence  of  paragraph  3. 3. 4, 5,  is 
needed.  That  sentence  probably  alludes  to 
such  testing  as  high-current  or  composite 
"shots"  that  simulate  natural  lightning 
tracking  along  a  radome’s  dielectric 
surface  and  approaching  a  diverter  strip 
from  the  side.  There  are  other  comparable 
possibilities.  But  it  is  not  difficult  to 
miss  that  point  completely  and  misunder¬ 
stand  tne  sentence  to  be  referring  to  high- 
voltage,  long  spark  model  tests.  By 
their  nature  these  tests  are  made  by  firing 
at  the  test  -.a ap!«s  from  all  reasonable 
angles  expected  from  lightning  strikes. 
Actually,  however,  no  long-spark  testing 

of  radomes,  models,  or  whatever  is 
mentioned  in  MIL-B-5087,  though  it 
probably  should  be. 

7.  Also  not  yet  mentioned  in  MIL-B-5C87B(2)  are 
intermediate  strikes  (for  maximum  pitting 
effects),  high-coulomb  strikes  (for 
maximum  heating  or  burning  damage),  and 
swept  strikes  (for  minimum-penalty, 
realistic  operational  evaluation  of  the 
other  two).  Examples  of  the  first  of  these 
appear  in  MIL-A-9094D,  paragraphs  4.6.11  (b) 
and  4.6.11.1  (b).  Examples  of  the  second 
are  given  in  subparagraphs  (c)  of  those 
same  two  paragraphs  and  also  in  FAA  Advisory 
Circular  AC20-53.  The  third  (swept  strikes) 
have  been  studied  by  Industry  for  several 
years  and  are  discussed  in  the  literature 
but  are  not  known  to  appear  as  yet  in  a 
Government  specification  or  standard. 
Investigation  in  this  last  case  probably 
should  not  be  considered  exhaustive  at 

this  time. 

8.  Paragraph  3.1.2  states,  "Bonding  jumpers 
(see  6.2.3.)  shall  conform  to  KS25083  for 


thermal  environments  less  than  300  F.1- 
Paragraph  3. 3. 4. 2.  states,  "Control  surfaces 
and  flaps  shall  have  a  bonding  jumper  across 
each  hinge,  except  for  installations  having 
a  single  hinge  in  which  case  a  minimum  of 
two  jumpers  are  required. "  Paragraph  3. 3, 4. 2 
is  a  8ubpar-graph  of  paragraph  3. 3. 4, "Class 
L  bonding  lightning  protection)  (except 
for  antenna  systems. "  Thu3,  MIL-B-5087B 
bonding-jumper  requirements  are  represented 
as  being  adequately  covered  by  MS25083,  so 
loug  as  two  jumpers  are  used.  It  is  recalled 
that  MS25083  jumpers  designated  for 
lightning-current  handling  were  high- 
current  tested  some  years  ago  and  found 
to  break  at  60,000  amoeres,  each.  This 
testing  was  done  probably  during  the  life 
span  of  MIL-B-5087A  which  had  a  high- 
current  requirement  of  only  100,000  amperes 
Instead  of  the  present  200,000  of  MIL-B-5087B 
If  the  only  two  hinges  of  a  given  control 
surface  were  widely  separated  and  a  "worst- 
case"  strike  made  contact  near  one  of  the 
two  (each  havieg  one  MS25083  jumper),  that 
jumper  could  be  expected  to  carry  more — 
possibly  considerably  more—  than  half 
the  current,  which,  exceeding  60,000  amperes, 
would  snap  the  jumper.  Only  with  that  strike 
near  the  electrical  center  between  the  two 
jumpers  in  this  case  could  both  jumpers  be 
expected  to  survive  the  109, 000-ampere 
strike.  The  200,000  amperes  of  ML-B-5087B 
would  snap  both  jumpers  if  applied  at  the 
electrical  center.  Thus,  it  appears  that 
HS25083  lightning-current  jumpers  have  not 
kept  pace  with  the  updating  of  MII/-B-5087, 
Until  this  is  corrected  it  i3  probably 
wise,  in  those  cases  where  maximum- 
current  protection  by  jumpers  is  a  "must," 
to  double  up  on  the  number  of  MS25083 
jumpers  required  or  to  take  scae  equivalent 
step.  It  should  be  realized,  however,  that 
a  gre  t  majority  of  strikes  reach  far  lower 
than  100,000  amperes.  It  should  also  be 
realized  that  in  many  cases  a  jumper  becomes 
virtually  useless,  anyway.  If  a  steep- 
fronted  strike  produces  enough  inductive 
drop  in  the  protective  Jumpers  to  initiate 
an  arc  breakdown  across  the  hinge  or  other 
hardware  being  protected,  the  arc  may  well 
become  the  path  of  least  impedance  and  cause 
essentially  as  much  damage  as  if  the  jumper 
had  not  existed.  So  there  is  an  increasing 
trend  toward  "designing  around"  a  need  for 
lightning  protection  by  jumpers  (e.g., 
intentional  apark  paths,  etc).  Even 
then,  however,  other  requirements,  such  as 
precipitation  charge  dissipation,  must  not 
be  overlooked. 

Time  and  again  the  question  is  raise-'  '8  to 
what  d-c  resistance  value  must  be 
stipulated  to  assure  an  adequate  lightning- 
current  path.  There  is  no  cat  answer. 

As  noted  in  the  previous  item,  a  properly 
configured  open  circuit  may  be  best. 

In  many  cases,  on  the  other  hand,  the  path 
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(usually  an  interface  is  the  path  of  concern) 
inherently  trends  toward  a  dead  short. 
Metallic  fuel-area  closures  are  cocoon 
exaaples.  If  various  resistances  are 
measured  and  recorded  on  a  specimen  that 
subsequently  passes  lightning-integrity 
qualification  tests .  the  recorded  values 
can  Inter  be  used  as  manufacturing  controls 
to  assure  that  production  items  supposedly 
like  the  tested  item  are  in  fact  like  it 
and  therefore  safe.  Otherwise  no  particularly 
useful  lightning-integrity-to-resistance 
correlation  is  believed  to  have  been  found. 
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Lightning  Simulation  and  Testing  in 
Relation  to  Specification  MIL-B-5087 


R  H  Evans 

UK  Ministry  of  Defence 
and 

J  Phillpott 

UK  Atomic  Energy  Authority 
ABSTRACT 


Discussions  are  in  progress  on  possible 
revisions  to  aircraft  lightning  protection 
specifications,  particularly  with  reference 
to  the  waveform  of  the  lightning  test  current. 
Fundamental  requirements  for  a  test  waveform 
are  suggested  anc'  t  en  the  waveforms  of  both 
natural  and  test  pi  oification  strokes  are 
analysed  into  thre  ’undamental  components. 

It  is  concluded  t  present  specifications 
are  inadequate  ii  jrtain  respects  and  a 
revised  waveform  .3  proposed.  Some  brief 
details  are  given  of  a  UK  Applied  Research 
Programme  intended  as  a  contribution  to 
knowledge  upon  which  further  refinements  of 
test  specifications  may  be  baroJ. 

SPECIFICATION  MIL-B-5087  is  a  US  Military 
specification  dealing  with  electrical  bonding 
and  lightning  protection  for  aerospace 
systems.  The  present  issue  is  dated  1964. 

An  amendment  in  1970  reduced  the  recommended 
test  current  for  instances  when  flight  safety 
is  not  a  factor  and  made  some  other  detailed 
changes.  During  the  last  few  years 
considerable  extra  knowledge  has  been  gained 
as  a  result  of  both  laboratory  testa  and 
operational  experience,  and  therefore  a 
discussion  on  possible  updating  of  the 
specification  is  to  be  welcomed.  This  is 
particularly  so  because  various  international 
bodies  are  attempting  international 
standardisation,  often  using  MIL-B-5087  as  a 
basis  for  discussion. 

SUGGESTED  REQUIREMENTS  FOR  A  TEST  WAVEFORM 

It  is  suggested  that  a  revised 
specification  should  meet  the  following 
requirements  as  far  as  possible. 

1.  It  should  simulate  tho  character¬ 
istics  of  natural  lightning  as  closely  as 
possible  so  that  structures  passing  the  test 
are  ensured  of  safety,  but  it  must  not 
incorporate  excessive  safety  factors,  which 
would  of  course  incur  weight  and  other 
penalties. 

2.  Consideration  should  be  given  to 
the  particular  part  of  the  aircraft  involved, 
both  because  the  probable  severity  of  the 
stroke  varies  with  location  on  the  aircraft 
(in  the  case  of  swept  strokes)  and  because 
damage  can  more  readily  bo  tolerated  in  some 
parts  than  others.  Various  civil  specifi¬ 


cations  (1)  (2)  (3)*  divide  the  aircraft 
surface  into  three  zones  defined  as 
follows: 

2one  1  comprises  those  areas  f or  which 
there  is  a  high  probability  of  a  direct 
strike.  Zone  2  comprises  those  areas  for 
which  there  is  a  probability  of  strikes 
being  swept  rearward  from  a  point  of  attach¬ 
ment  in  Zone  1.  Zone  3  comprises  the 
remainder  of  the  aircraft. 

It  is  suggested  that  the  same  system 
should  be  adopted  for  Military  aircraft.  The 
zones  could  be  fairly  exactly  defined  for 
conventional  aircraft  shapes,  but  for  newer 
designs  it  might  be  necessary  to  establish 
the  zones  by  strike  point  location  tests  on 
models. 

3.  Since  lightning  strikes  have 
various  effects  such  as  heating,  sparking, 
magnetic  forces  and  induced  voltages  in 
electrical  circuits,  consideration  should  be 
given  to  the  employment  of  a  particular 
waveform  appropriate  to  each  effect  or  group 
of  effects  being  investigated,  rather  them  a 
universal  waveform  for  all  effects.  In  other 
words  the  test  waveform  would  represent  the 
fundamental  characteristics  of  the  lightning 
discharge  relevant  to  a  given  failure 
mechanism. 

4.  All  relevant  parameters  should  be 
specified,  in  order  to  simulate  accurately 
the  actual  operational  conditions;  for 
example  some  hitherto  unspecified  parameters 
such  as  arc  length  may  have  an  important 
effect  on  the  damage  inflicted  and  a 
combination  of  maxinura  current  with  a  short 
arc  might  be  an  excessively  severe  test. 
Specification  of  all  parameters  is  also 
important  to  ensure  that  results  are  repro¬ 
ducible  and  that  valid  comparisons  can  be 
made  between  the  results  reported  from 
different  test  facilities. 

5^  The  test  specified  should  not  be  so 
complex  that  the  test  facilities  become  too 
elaborate  and  expensive  to  build  and  operate. 
However,  too  much  emphasis  should  not  be 
placed  on  this  consideration,  since  it  .s 
often  possible  for  comparatively  simple  local 
facilities  to  bo  employed  for  preliminary  worlq 
with  a  final  chock  at  a  mo-re  elaborate 
national  facility. 

“Numbers  in  parentheses  designate  References 
at  end  of  paper. 
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COMPONENTS  OP  CURRENT  WAVEFORM 

Jhe  current  flowing  in  a  lightning  stroke 
varies  widely  from  stroke  to  stroke  and  also 
depends  among  other  factors  on  whether  it  is  a 
cloud/cloud  or  a  cloud/ground  discharge.  In 
the  latter  case  there  is  a  considerable 
difference  in  waveform  between  a  negative 
stroke  (conveying  a  negative  charge  to  ground) 
and  a  positive  stroke.  Thus  a  test  waveform 
attempts  to  simulate  the  significant  charact¬ 
eristics  of  a  wide  variety  of  natural  wave¬ 
forms.  The  main  parameters  of  interest  are 
duration,  peak  current,  rate  of  rise  of 
current  (di/dt),  charge  transferred  (coulombs) 
and  f i^dfc,  which  is  a  measure  of  the  energy 
dissipated  in  a  fixed  resistance  and  will  be 
referred  to  as  the  i^t  content  of  the 
discharge.  The  i^t  content  is  also  a  measure 
of  the  stress  due  to  magnetic  forces  in 
structures  whose  natural  period  is  consider¬ 
ably  greater  than  the  time-constant  of  decay 
of  the  current  waveform.  In  general, 
lightning  flashes  consist  of  one  cr  more  of 
the  following  component  2  ,~\d  existing  test 
waveforms  also  consist  of  combinations  of 
these  components. 

A.  A  "fast"  component  or  impulse  having 
a  peak  of  say  200  kA  and  a  rise  time  of  up  to 
about  15  ps.  The  initial  rate  of  rise  could 
be  as  high  as  100  kA/ps.  This  represents  the 
impulses  present  in  a  negative  ground  flash, 
and  transfers  very  little  charge, 

B.  An  "intermediate"  component,  having 
a  peak  of  up  to  50  kA  and  a  duration  of  a  few 
ms.  This  represents  the  "tail"  of  a  positive 
ground  flash  and  has  substantial  charge  and 
i^t  content. 

C.  A  continuing  current  of  a  few 
hundred  amp  (say  up  to  1  kA)  for  one  or  two 
seconds.  This  represents  the  current  flowing 
between  strokes  ir  a  negative  flash  and  may 
also  be  considered  to  correspond  to  a  cloud/ 
clouct  discharge.  The  charge  transferred  is 
high  but  the  i^t  content  is  low. 

Specification  MIL-B-5087  contains  only 
component  A,  the  specifications  listed  as 
References  1,  2  and  3  contain  A  and  C,  and 
Reference  4  contains  all  three  components.  It 
is  considered  that  although  existing  speci¬ 
fications  are  often  adequate  in  respect  of 
peak  current  and  rate  of  rise,  and  also  the 
charge  transfer  in  itself  is  adequate,  they 
are  inadequate  in  respect  of  total  i2t  content 
and  charge  transfer  at  intermediate  currents. 
In  other  words  the  intermediate  component  is 
inadequately  represented.  It  is  true  that 
this  component  is  mainly  associated  with 
positive  discharges,  which  probably  occur  with 
only  about  one  quarter  of  the  frequency  of 
negative  discharges,  but  nevertheless  it  is 
necessary  to  represent  it  if  safety  is  to  be 
assured. 

APPLIED  RESEARCH  PR0GR4MME 

Although  we  consider  that  piesent 


knowledge  is  snflicient  for  a  useful  revision 
of  lightning  test  specifications,  it  is 
realised  tha+  there  are  still  many  points  on 
which  additional  investigation  is  needed  arid 
this  may  well  result  in  further  revisions. 

As  a  contribution  towards  improved  methods  of 
simulation  as  well  as  better  means  of 
lightning  protection,  studies  (5)  (6)  to 
formulate  the  problems  and  to  outline  a 
research  programme  were  sponsored  by  +’  *  *J4 
Ministry  of  Defence,  and  these  w err  -oliowed 
by  a  four-year  Applied  Research  ..on.ract  on 
the  Culharo  Laboratory  of  t1-  Atomic  Energy 
Authority.  The  programs.,  'v5)  includes  strike 
point  location  studio o  and  also  high  current 
investigationp,  the  latter  being  divided  into 
the  foll'w^c.  sroad  subjects. 

1  *  The  Effects  of  Stationary  Arcs 

a.  Burn  through  times  and  hot  spot 
temperatures  for  various  metals,  surface 
coatings,  arc  lengths  and  configurations. 

b.  Magnetic  forces  and  stresses  with 
representative  wave— forms  and  configurations. 
Calculation  and  tests. 

o.  Composite  materials  including 
carbon  fibre  reinforced  plastic.  Protection 
methods. 

d.  Externally  mounted  component^  for 
example  ,  antennas  and  pitot  probes.  Review 
problems  and  methods  of  protection. 

2.  The  Effects  of  Swept  Strokes 

a.  Dwell  time,  burn-through  ti^os  and 
hot  spot  temperatures  for  arc  length  of  up  to 
40  cm  with  swept  strokes. 

b.  The  effect  of  stress  concentrations 
around  projections. 

c.  Effects  of  various  surfaces. 

d»  Effect  of  relative  air  velocity. 
Aerodynamic  effects  near  surface  (boundary 
layers). 

e.  Effect  of  repeated  strokes. 

f.  Any  special  effects  relevant  to 
composite  materials. 

g.  Possible  methods  of  diverting  swept 
strokes  from  particular  vulnerable  areas. 

3.  Sparking  Phenomena 

a.  Configuration  of  joints  relevant  to 
fuel  ignition  by  sparking. 

b.  Damage  to  structures  due  to  sparking. 

4.  Induced  Voltages  in  Electrical 
Systems 

a.  Relation  between  lightning  current 
in  airframe  and  induced  voltage  in  wiring  for 
various  configurations. 

b.  Feasibility  of  testing  complete 
aircraft  at  reduced  currents  using  portable 
equipment  and  scaling  the  results. 

c.  Probable  effects  on  equipment  and 
cables. 

d.  Shielding  and  protection  methods. 

e.  Injected  or  induced  voltages  into 
internal  wiring  due  to  strikes  to  terminal 
equipment. 

The  equipment  set  up  for  the  high 
current  studies  includes  the  following: 

1.  Fast  Bank  (80  kj  100  kV)  -  This 
bank  will  produce  200  kA  with  a  rise  time  of 
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about  15  po  into  a  4  )>H  load  (about  6  metre 
component  length)  and  simulates  a  severe 
first  stroke  of  a  lightning  discharge,  as  well 
as  providing  the  first  component  of  the 
waveform  of  references  1,  2  and  3. 

2.  Intermediate  Bank  (250  kj  20  kV) 

-  This  bank  will  produce  a  unidirectional 
current  pulse  of  amplitude  variable  between 
50  kA  and  100  amps  and  a  charge  transfer  of 
up  to  500  coulombs.  Therefore  it  is  suitable 
for  simulating  the  ''intermediate"  current  of 
a  lightning  discharge  and  for  performing  the 
500  coulomb  continuing  current  test  of 
references  1,  2  and  3. 

3«  High  di/dt  Generator  (40  kj  1  My) 

-  This  generator  will  be  capable  of  producing 
100  kA  100  kA/ps  into  a  A  pH  load  (6  mevx-e 
component)  and  thus  providing  the  high  di/dt 
associated  with  Group  2  and  3  tests* 

4.  Swept  Stroke  Equipment  -  A  method 
has  been  developed  of  simulating  the  movement 
of  an  arc  root  -long  an  aircraft  by  driving 
the  arc  electromagnetically  with  a  transverse 
magnetic  field*  The  magnetic  field  can  be 
reduced  near  the  surface  of  the  test  component 
to  simulate  the  presence  of  a  boundary  layer. 

PROPOSED  TEST  WAVEFORM 

In  order  to  represent  severe  strokes  m 
respect  of  all  significant  parameters  and 
at  the  same  time  to  adart  the  tests  both  to 
the  particular  effect  being  investigated  and 
to  the  cone  of  the  aircraft  concerned,  the 
waveforms  described  in  Table  1  are  suggested. 
The  tests  are  specified  for  zone  1  and  zone  2 
of  the  aircraft,  sub-divided  into  three  groups 
representing  the  type  of  test,  that  is,  the 
particular  failure  mechanism  being 
investigated. 

It  will  be  noted  that  the  "fast"  A 
component  has  been  omitted  from  Group  1  since 
the  significant  effects  in  this  group  are 
believed  to  be  represented  by  the  charge 
transfer  and  i*-t  content  of  the  "intermediate " 
3  component.  The  "continuing"  C  current 
which  is  called  for  in  some  specifications  has 
been  omitted  in  all  tests,  since  it  is 
considered  that  the  necesa^y  charge  transfer 
mid  i^t  content  can  bo  more  realistically 
contained  m  the  intermediate  B  current  » ith 
a  peak  value  of  30  kA.  The  charge  transfer 
for  the  intermediate  current  in  zone  1  has 
been  specified  as  500  coulombs;  this  may  be 
considered  rather  high  since  the  figure  for 
natural  lightning  is  believed  to  be  about  350 
coulombs  maximum  but  it  is  recommended  in 
order  to  represent  a  margin  of  safety  and  the 
uncertainty  of  simulating  the  damage  due  to  a 
multiple  stroke  flash  with  a  single  component 
waveform.  Further  experimental  data  may 
justify  a  decrease  in  the  figure. 

The  intermediate  B  currents  for  zone  2 
have  been  relaxed  by  a  factor  of  5  compared 
with  zone  1  in  respect  of  charge  transler  and 
i^t,  based  on  a  swept  stroke  dwell  time  of 


about  5  ms.  This  again  is  subject  to  amend¬ 
ment  when  further  data  has  been  obtained  from 
swept  stroke  investigations. 

Tho  rate  of  rise  for  the  fast  A 
component  has  been  maintained  at  100  kA/ps 
for  a  peak  current  of  200  kA  in  zone  1 .  For 
zone  2  it  is  suggested  that  the  peak  may  be 
reduced  to  100  kA  but  maintaining  the  same 
value  of  rate  of  rise.  For  Group  3  (induced 
voltages  in  electrical  systems),  only  the 
fast  A  component  is  significant,  and 
component  B  has  therefore  been  omitted.  The 
exact  waveform  of  the  current  pulse  is 
important  because  the  induced  voltages  depend 
on  the  time  characteristics  in  a  complex 
manner.  For  example,  the  voltage  induced  in 
a  cable  might  be  duo  to  a  combination  of  two 
effects.  First  the  magnetic  flux  may  link 
the  cable  directly  by  an  air  path  (or  other 
non-metallio  path)  inducing  a  voltage 
proportional  to  di/dt.  Secondly  the  flux  can 
penetrate  the  metallic  skin  or  screens,  and 
the  internal  field  which  induces  the  voltage 
would  be  subjected  to  both  attenuation  and 
time  delay  depending  on  the  nature  of  the 
waveform.  It  is  suggested  in  Table  1  that 
the  pulse  shape  be  provisionally  defined  as 
having  a  ratio  of  pulse  length  to  rise  time 
of  5*  Once  the  waveform  has  been  decided 
it  may  be  possible  in  view  of  the  work  (7) 
carried  out  on  scaling  the  effects  to  test 
with  a  wave  having  the  correct  timing  but  at 
a  much  lower  current  level  and  then  to 
calculate  the  full-scale  injected  voltage  by 
proportion.  However,  this  method  does  not  in 
itself  determine  the  damage  which  would  be 
inflicted  by  the  full-scale  injected  voltage, 
and  it  does  not  allow  for  the  further 
induced  effects  that  might  follow  from 
sparking  or  other  non-lineai  occurrences  in  a 
full-scale  test. 

The  recommended  waveforms  for  Group  2, 
incorporating  both  the  fast  A  component  and 
the  intermediate  B  component,  are  illustrated 
for  aircraft  zones  1  and  2  in  Figure  1. 
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Table  1  -  Proposed  Lightning  Test  Currents 


Type  of  Test 

Component  A. 

Past 

Component  B 
Intermediate 

Group  1 

Zone  1 

Resistive  heating 

Skin  hot  spots 

Skin  puncture 
Mechanical 
strength 

oO  kA 

500  coulomb 
7.5  1 06  A2s 

Zone  2 

30  kA 

100  coulomb 

1.5  106  A2s 

Group  2 

Zone  1 

T.  vernal  sparking 
-  fuel  ignition 
Sparking  damage 
at  joints 

Induced  and 
direct  voltage 
flashovar 

200  kA 

100  kA/ps 

30  kA 

500  coulomb 

7’5  1  CP  a2s 

Zone  2 

100  kA 

100  kA/ps 

30  kA 

100  coulomb 
1.5  10°  A2s 

Group  3 

200  kA 

1 00  kA/ps 

Pulse  length  to 
be  about  5  times 
the  rise  time 

Induced  voltages 
in  electrical 
systems 
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Aerosol  Discharge  System  for  Heavy  Lift  Heli¬ 
copters 


Rudolf  G.  Buser,  Helmuth  K,  Kaunzinger  and 
Hans  £ .  Inslerman 

US  Army  Electronics  Command,  Fort  Monmouth, 

New  Jersey 

ABSTRACT 

A  new  concept  for  an  electronically  con¬ 
trollable  discharge  of  surface  charges  which 
may  accumulate  on  helicopters  and  present  a 
considerable  hazard  to  personnel  is  explored. 

It  uses  mechanical  transport  of  charges  by 
liquid  droplets.  Theory  of  nozzle  produced 
sprays  operating  in  electric  field  gradients 
is  developed  and  criteria  for  efficient  charge 
transport  are  established.  Experimental  results 
for  single  nozzles  and  multiple  nozzle  clusters 
are  presented,  and  the  application  of  these 
results  to  the  Army's  ongoing  Heavy  Lift  Heli¬ 
copter  design  study  giver.  Nozzle  clusters 
with  a  current  capacity  up  to  100  UA  have  been 
tested,  with  linear  additive  properties  for 
higher  current  capabilities.  Recently  con¬ 
cluded  flight  tests  indicate  the  feasibility 
of  meeting  the  discharge  cui rent  objectives 
of  heavy  cargo  helicopters  without  use  of 
excessively  hign  voltages.  Desirable  system 
characteristics  are  minimal  ion  recirculation 
and  elimination  of  sensor  instabilities.  Design 
refinement  is  expected  to  result  in  a  simple, 
low-cost  system  with  the  minimum  use  of  expend¬ 
ibles  ,  ai r ,  and  water. 

ACCUMULATION  of  charges  on  metallic  and  dielec¬ 
tric  bodies  due  to  surface  contact  effects 
{tribo-electric  charging)  is  found  in  a  variety 
of  military  ana  commercial  operations  (hazardous 
electro-static  charges  affect  operations  in 
paper  and  textile  industry,  p.-intir.o  plants, 
mills,  mines,  and  oil  tankers).  For  helicop¬ 
ters,  this  process,  together  with  inductive 
charging  due  to  large  scale  atmospheric  electri¬ 
cal  fields,  and  chemical  charging  due  to  the 
specific  chemistry  of  the  combustion  process, 
presents  a  problem  of  long  standing,  involving 
hazards  to  personnel  and  possible  ignition  of 
fuel  air  mixtures  and  activation  of  explosives; 
several  attempts  have  been  made  to  develop  a 
technically  and  operationally  acceptable  solu¬ 
tion  to  this  problem  (l).(2),{3).  Tor  new  large 
size  transport  helicopters  now  in  the  planning 
stage,  the  probeb> 1 i ;y  for  hazardous  incidents 
is  considerably  increased.  A n  automatic  system 
which  permits  a  reliable  controlled  discharge 
of  the  helicopter  to  zero  potential  during 
typical  loading  or  unloading  conditions  seems 
highly  desirable.  |n  thd  proposed  conceptual 
approach,  hslicopter  discharge  Is  only  attempted 
when  the  location  for  loading  or  unloading  is 
reached.  At  this  point,  a  field  sensor, 
located  on  or  clipped  to  the  cargo  hook  (load', 
is  activated,  determines  strength  and  polarity 
of  the  field,  and  transfers  this  information  to 
a  receiver-processor  unit,  which  in  turn 


operates  an  indicator  and  di<_narger.  The  field 
sensor  controls  the  discharger  such  that  the 
potential  of  the  cargo  hook  for  the  duration 
of  the  operation  is  kept  close  to  the  local 
ground  potential.  Field  sensor,  receiver- 
procersor  unit,  discharger  and  indicator 
represent  the  overall  helicooter  discharge 
system  concept  as  shown  in  Figure  1.  In  the 
following,  one  specific  element  of  the  system, 
namely,  a  discharger  which  uses  the  controlled 
emission  of  charge  carrying  liquid  droplets  is 
discussed  in  detail  and  its  operational  per¬ 
formance  presented.  It  will  be  shown  that  the 
selected  technique  permits  realization  of  the 
required  discharger  specifications,  namely, 
short  term  discharge  capability  of  500  uA  or 
more  for  both  polarities,  a  response  time  in  the 
order  of  10  ms  sufficient  to  follow  rapidly 
changing  sensor  indications,  low  power  consump¬ 
tion  (50W)  and  weight  ( 10 kgf  excluding  discharge 
fluid). 

It  is  recognized  that  other  elements  of 
this  system,  specifically  the  problem  of  field 
sensing  under  extreme  environmental  conditions 
(such  as  found  in  the  desert  or  arctic)  are 
equally  important  in  the  operational  analysis 
of  the  total  system,  however,  they  will  not  be 
pursued  in  this  cor. text. 

PRiNUPLE  OF  OPERATION;  SINGLE  NOZZLE  RESULTS 

If  a  conductive  liquid  is  moving  into  an 
electrical  field,  generally  two  effects  take 
The  material  becomes  polarized  by 
induction  due  to  the  acting  coulomb  forces; 
induced  cnanges  in  surface  tension  will  influence 
surface  properties  of  the  substance.  Ir.  Figure 
2,  this  principle  is  applied  to  an  all  or 
partially  metallic  nozzle  structuie.  A  con¬ 
ductive  ”iioi>-‘  which  is  kept  on  nozzle  potential 
by  wall  contact  leaves  the  nozzle  under  pressure 
through  a  center  hole  and  enters  into  a  field 
originally  def'nec  by  the  nozzle  bodv  and  grid 
electrode  several  millimeters  away  (the  grid 
electrode  is  kept  at  a  constant  potential 
against  the  nozzle  by  means  of  a  power  supply). 

In  this  process,  electrostatic  forces  induce 
charges  to  flow  to  the  surface  of  the  liquid  to 
keep  nozzle  and  liquid  at  a  fixed  common  poten¬ 
tial,  and  the  surface  layer  becomes  charged 
opposite  to  the  charge  of  the  grid  (field  lines 
shewn  are  obtained  from  two  dimensional  field 
plots).  Fast  streaming  air  leaves  the  nozzle 
under  high  pressure  from  an  annular  orifiee 
surrounding  the  liquid,  interacts  with  the 
liouid,  and  charged  droplets  are  formed.  The 
charged  droplet*  (save  the  nozzle  system 
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through  a  grid  opening.  It  is  this  process 
which  per.nl ts  a  mechanical  transport  of  charges 
away  from  the  nozzie  structure  and  from  the 
body  to  which  the  nozzle  Is  connected,  producing 
the  actual  nozzle  discharge  current. 

A  quantitative  theoreticel  analysis  of  the 
various  processes  discussed  in  the  previous 
paragraph  is  difficult  and  oniy  In  part  feasible 
(4).  'or  an  optimized  system,  there  are  the 
following  considerations:  Droplets  should  be 
in  the  one  micrometer  regime  and  stable,  such 
that  the  icw  mobility  (Store's  iaw)  prevents 
significant  recirculation  to  the  helicopter 
body;  maximum  charge  q  should  be  transferred 
to  the  droplet  (Rc.’l-igh  criterion),  a  process 
which  may  be  air  breakdown  limited.  Details 
of  the  selected  nozzle  geometry,  and  other 
operational  parameters  (liquid  and  air  feed 
pressure)  will  have  a  significant  effect.  As  an 
example  in  Figure  3*  the  resulting  1^  fo- 
different  water  orifices  of  a  circular  nozzle 
design  is  shown  together  with  optimum  voltage 
and  pressure  settings. 

From  an  engineering  point  of  view,  the 
system  may  be  considered  as  a  capacitor.  To 
optimize  the  syttem,  the  capacitance  between 
the  liquid  column  and  the  biasing  grid  should 
be  os  high  as  possible,  that  Is,  for  a  given 
bias  voltage  the  distance  between  both  should 
be  chosen  so  that  most  field  lines  end  at  the 
liquid  column  and  that  the  surface  interaction 
layer  be  maximized.  For  a  given  nozzle  geometry 
and  mode  ct  operation,  the  capacitor  model 
predicts  a  linear  current  oias  voltage  relation¬ 
ship  up  to  the  corona  or  breakdown  voltsge  limit, 
with  response  times  in  the  order  of  milliseconds. 
In  Figure  4,  representative  results  .or  the 
dependance  of  nozzle  currant  upon  bias  voltage, 
together  with  the  leakage  current  observed 
between  nozzle  and  bias  electrode,  tre  shown. 

An  important  parameter  sp  the  operation  of 
the  system  is  the  choice  of  the  liquid  itself. 
Without  further  specifications,  a  "sufficiently" 
conductive  liquid  has  been  assumed,  conductivity 
being  aside  frem  the  surface  tension  the  only 
material  quantity  entering  the  analysis.  If  the 
conductivity  were  to  be  substantially  reduced, 
the  observed  d!scharge  current  will  become 
resistant’  limited  and  an  unwanted  voltrge  drop 
between  liquid  column  and  nozzle  structure  devel¬ 
ops.  In  the  extreme  of  perfect  metallic  conduc¬ 
tion,  penetration  of  the  field  lines  into  the 
inner  part  of  the  interaction  layer  becomes 
impossible  and  the  effective  interaction  area 
is  reduced.  This  may  be  seen  from  Figure  5 
where  the  dependence  of  the  nozzle  current  /pon 
conductivity  of  water  (adjusted  by  Che  addition 
of  NaCl)  is  shc;n.  Experiments  with  other 
inorganic  o-  organic  liquids  with  let.;  conduc¬ 
tivity  support  this  mouel  further. 

The  effect  of  .surface  tension  upon  the 
droplet  size  distribution  is  shown  in  Figure  6 
where  the  experimentally  determined  droplet 
size  distribution  is  presented  for  two  nozzie 
geometries  (700  and  800  nozzle  series).  The 
peak  near  0.5  micron  without  electric  field 


(solid  line)  changes  drasticcl ly  wi th  applica¬ 
tion  of  the  field  (dashed  line).  Since  the 
liquid  consumption  in  both  tests  stays  constant, 
most  droplets  with  the  field  applied  must  be 
produced  with  a  radius  smaller  than  0.5  micron. 

In  contrast,  nozzle  701,  which  also  peaks 
without  field  near  0.5  micron,  changes  less 
with  applied  bias  voltage  and  produces  a  small 
current.  Similar  is  the  effect  of  small  amounts 
of  liquid  additives  i r>  modifying  the  surface 
tension  properties.  In  Figure  7  the  change 
in  recirculation  current  Ir  (as  measured  in  an 
electric  field  perpendicular  to  the  direction 
nf  the  nozzle  discharge  current  below  the 
nozzie  structure)  is  shown;  as  the  amount  of 
glycerin  is  increased,  |r  at  constant  nozzle 
curren;  Ip  is  significantly  rt-.  'ed,  Indicating 
concomitant  changes  in  the  particle  size- 
charge  distribution. 

MULTIPLE  N0Z7.Lt  DESIGN;  LABORATORY  AND  FIELD 
PERFORMANCE 

After  theoretical  analysis  and  experiments 
with  a  single  nozzie  with  annular  bias  electrodes, 
It  was  concluded  that  a  single  nozzle  could  be 
expected  to  produce  a  currant  typically  between 
10  and  20  uA  (*) .  In  order  to  approach  the 
required  discharge  currents  with  the  present 
design,  clusters  of  biased  spray  nozzles  had  to 
be  considered.  For  externa)  mounting  on  the 
helicopter  fuselage,  either  within  the  exhaust 
stream  or  in  the  rotor  down  stream,  such  a 
cluster  must  be  compact  and  -igld.  Under  these 
conditions,  the  nozzles  operate  close  to  one 
another  and  their  mutual  interference  may  not 
be  ignored.  In  all  nozzle  performance  tests,  a 
circular  cluster  with  one  nozzle  in  the  center 
and  6  nozzles  2.5  cm  apart  on  a  5.0  cm  circle 
was  chosen.  The  internal  water  and  air  distri¬ 
bution  channels  with  low  pressure  drop  charac¬ 
teristics  and  the  associated  seals  limited 
the  overall  diameter  of  the  nozzle  cluster  to 
10  cm.  A  close-up  picture  or  the  7  nozzle 
cluster  is  shown  in  Figure  8.  The  common 
electrode  for  all  7  nozzles  of  the  cluster  is 
a  flat  disk  mounted  concentric  with  the  cluster 
body  and  has  seven  apertures  in  isgister  with 
the  seven  nozzles.  This  common  b’as  electrode 
is  mounted  with  two  sheets  and  four  posts  of 
insulating  material,  properly  spaced  against 
the  nozzles.  This  configuration  eliminates 
surfece  lockage  currents  greatly.  Figure  9  is 
a  photograph  oT  the  cluster  assembly,  with  bias 
electrode  and  support,  and  metal  shield  to 
prevent  deposition  of  mist  on  the  bias  electrode 
support. 

Two  configurations  of  this  nozzle  cluster 
were  mounted  outside  the  fuselage  of  an  CH47C 
Helicopter  extending  2.5  feet  out  into  the  air- 
stream  under  the  blade  overlap  region,  with 
airfoils  covering  the  exterior  structure  ovc 
their  entire  length  to  reduce  ine  iurbulent  air 
*WUH  8  water  consumption  of  5  Cm3/jjA  niln,  and 
air  consumption  of  0.05  m3//jA  min  with  the  geo¬ 
metries  so  far  investigated.  (It  seems  proba¬ 
ble  th8t  these  values  may  be  significantly  im¬ 
proved  and  the  air  consumption  be  considerably 
reduced.) 
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4  -  Nozz's  current  and  leakage  current  variation  w 
voltage.  Dashed  line  shows  the  leakage  currei 


Fig.  6  -  Oroplet  count  as  a  function  of  drop¬ 
let  radius.  The  droplet  count  ef 
8  droplet  size  groups  was  determined 
with  a  Royco  4000  particle  counter 
for  the  700  and  8u0  nozzle  series. 
Solid  lines  are  for  zero  bias  voltage, 
dotted  lines  for  bias  voltages  of 
4  6  kV  end  9.2  kv,  and  for  nozzle 
currents  of  6  and  1$  uA,  respectively. 


Fig.  8  -  Front  view  of  a  compact  seven-nozzle 
cluster. 


Fig.  7  -  Reduction  of  recirculation  effects 
with  chemical  additives  increasing 
surface  tension  and  particle  size. 


Fig.  9  -  Side  view  of  the  discharger  used  in 
laboratory  tests. 
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flow  experienced  by  an  open  structure.  Figure 
10  presents  the  sideview  of  the  Installation  of 
one  cluster. 

Two  sets  of  tests  were  conducted  to  obtain 
static  and  dynamic  data  of  the  effective  dis¬ 
charge  current:  In  one  set,  the  helicopter 
was  connected  (vis  400  ft  cable)  to  a  tow 
impedance  power  supply  on  ground  adjustable  from 
0  to  20  kV  in  order  to  make  a  static  determina¬ 
tion  of  the  effective  discharge  current  in 
comparison  to  the  actual  nozzle  current.  In 
the  other  set,  the  helicopter  was  floating 
while  charged  particles  emitted  from  the  nozzles 
charged  the  aircraft  to  the  corona  equilibrium. 

A  sudden  change  in  particle  polarity  initiated 
the  discharge  and  subsequent  charge  to 
opposite  polarity.  In  this  dynamic  method, 
the  effective  discharge  current  is  determined 
from  the  calibrated  helicopter  voltage  readings 
which  are  proportional  to  the  field  mill  indica¬ 
tions  at  a  constant  altitude.  Figure  11  depicts 
the  aircraft  instrumentation  package  consisting 
of:  a  high  voltage  power  supply  (V^)  for  the 
bias  electrode  with  provision  for  rapid  polarity 
switching  at  the  high  voltage  output ,  compressed 
nitrogen  with  regulators  (N2)  in  lieu  of  com¬ 
pressed  air,  fluid  storage  tanks  (HjO)  pres¬ 
surized  by  nitrogen  through  a  separate  regulator, 
magnetic  valves  (HV)  and  pressure  gages  (PH) 
in  the  feed  lines  to  the  nozzle  clusters,  and 
tecorders  determining  nozzle  currents,  leakage 
currents,  and  cable  current  or  field  mill 
indication. 

In  Figure  12,  the  various  elements  of  the 
instrumentation  package  are  shown  as  they  are 
mounted  Inside  the  helicopter.  Figure  1?  -shows 
the  helicopter  in  flight  with  one  discharger 
operational  hovering  at  25  feet. 

Experimental  results  of  the  static  and 
dynamic  tests,  resulting  from  25  test  runs, are 
summarized  in  Figure  14.  While  there  was  no 
difficulty  in  duplicating  the  original  nozzle 
currents,  as  dctei.Tiined  In  th<*  laboratory 
under  flight  conditions,  tiie  affective  discharge 
current,  with  the  helicopter  connected  to  ground 
(static  test),  was  only  30-40%  of  the  nozzle 
current  ana  Indicates  a  considerable  degree  of 
reci rculetion, 

.  f  tne  helicopUr  is  put  on  a  potential 
above  ground  (by  energizing  the  low  impedance 
high  voltage  source  in  series  with  the  ground 
cable),  the  recirculation  current  Is  reduced 
as  is  expected.  On  the  other  hand,  evaluation 
of  aynamic  measurements  leads  to  somewhat 
different,  r.hough  r.ot  inconsistent  results, 
indicating  reduced  particle  recirculation 
effects.  These  data  were  derived  from  recorded 
charts  taken  during  each  test  as  shown  in 
Figure  15.  Here,  the  effective  particle 
current  jeff,  between  helicopter  and  ground, 
has  been  determined  as  the  difference  between 
the  total  helicopter  to  ground  current  and  the 
atmospheric  discharge  current  at  the  humidity 
and  temperature  conditions  of  the  test  site. 

The  total  discharge  current  lt  has  been  derived 
from  the  helicopter  voltage  using  the  relation 


st-cH.  dVdt  <*) 

(Ch  w  500  pF  at  25  feet  altitude;  Ify  is 
obtained  from  the  calibrated  field  mill  indica¬ 
tion).  For  equal  helicopter  voltages,  the 
corresponding  atmospheric  discharge  current 
values  were  derived  from  the  observed  exponen¬ 
tial  voitage  decay  following  termination  of 
particle  emission. 

A  comparison  of  the  static  and  dynamic 
test  results  at  zero  helicopter  voltage  in 
Figure  14  shows  that  the  particle  recirculation 
to  the  aircraft  varies  from  &5%  to  40%  of  the 
emitted  particle  current  I,,  with  the  described 
(not  optimized)  nozzle  configuration  discussed 
previously.  The  dynamic  data  are  taken  with 
the  aircraft  floating  (equivalent  resistance 
«  109  ohms),  which  Is  a  close  representa¬ 
tion  of  the  true  electric  environment  of  the 
helicopte”.  The  variation  between  the  static 
and  dynamic  measurements  probably  indicates 
the  influence  of  the  ground  cable  used  in  the 
stntic  tests  in  changing  the  charge  distribu¬ 
tion  on  the  helicopter  and  the  concomitant  dis¬ 
tortion  of  the  field  between  helicopter  and 
ground.  It  is  this  deviation  from  a  relatively 
uniform  capacitor  field  which  may  ccuse  unre¬ 
liable  indications  on  field  meters  located  on 
the  fuselage. 

Figure  14  also  clearly  indicates  that 
recirculation  at  high  electrical  fields, 
between  aircraft  and  ground,  is  rapidly  reduced 
to  lew  values  as  the  aircraft  potential  in¬ 
creased  to  100  kV.  This  is  in  contrast  to  the 
corona  discharge  approach,  where  the  recircu¬ 
lation  becomes  e  maximum  at  high  potential. 
Additional  tests  were  conducted  at  aircraft 
potentials  above  150  kV  using  two  additive 
nozzle  clusters.  The  data  lead  to  the  conclu¬ 
sion  that  the  particle  reci rculation  wi 11 
approach  zero  as  the  Aircraft  potential  rises 
near  the  corona  limit. 

CONCLUSIONS 

?.  Controlled  emission  of  charge  carry¬ 
ing  liquid  droplets  has  been  successfully 
demonstrated.  Single  circular  nozzle  currents, 
up  to  i6  uA  with  acceptable  operational  effi¬ 
ciency,  have  been  achieved,  end  a  compact 
seven  nozzle  cluster  array  with  currents  up 
to  80  uA  have  been  developed;  prospects  for 
further  improvements  in  performance  look 
promising, 

2.  The  fllgnt  tests  indicate  that  the 
droplet  discharge  principle  does  work.  Addi¬ 
tional  efforts  changing  the  droplet  size- 
chsrge  distribution  are  required  to  reduce  the 
recirculation  for  near  zero  potential  opera¬ 
tion.  Sensor  measurements  and  previously 
obtained  systems  results  indicate  overall 
feasibility  of  an  automatic  helicopter  dis¬ 
charge  system. 
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Starboard  side  discharger  without  airfoil 


Flight  test  instrumentation  for  one  discharger  unit 


+200  +100  0  -100  “200  —  IN(ftA 


Fig. 


200  “100  0  +100  +200  — UH(kV) 


15  ~  Sample  recording  of  helicopter  potential  UH  and  total  emitted 
current  |„  as  functions  of  time. 
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ABSTRACT 

The  charging  and  discharging  processes  of 
a  helicopter  in  flight  are  discussed.  Emphasis 
i3  placed  upon  obtaining  approximations  for 
estimating  the  magnitude  of  the  problem  for 
given  environmental  conditions.  The  problems 
of  electrostatic  charging  and  discharging  of 
helicopters  with  regard  to  safety  of  personnel, 
cargo  and  radio  frequency  interference  arc 
stated.  Acceptable  safety  limits  for  personnel 
protection  and  safe  cargo  handling  are  presented. 

A  solution  to  the  discharge  problems  of 
the  electrically  charged  hovering  helicopters 
is  proposed,  using  current  technology.  The 
construction  and  test  results  of  this  "safe- 
c«.’go  system"  (SAFCAH)  are  described. 

THE  ELECTROSTATIC  CHARGING  AND  DISCHARGING 
phenomena  experienced  by  helicopters  in  flight 
leads  to  many  operational  problems.  In  forward 
flight,  the  presence  of  static  charges  on  the 
airframe  may  cause  some  radio  and  navigational 
equipment  interference  to  be  experienced  during 
natural  corona  discharge.  Passive  dischargers 
can  often  diminish  these  effects. 

A  cargo  helicopter  may  be  required  to 
hover  in  the  vicinity  of  ground  personnel  ai.d 
equipment  during  loading  and  unloading  oper¬ 
ations  under  various  environmental  conditions. 
Under  certain  adverse  conditions,  large  elec¬ 
trostatic  potentials  cn  the  airframe  can  pre¬ 
sent  a  serious  hazard. 

The  hazards  con  be  divided  into  tnree 
basic  areas:  first,  injury  to  ground  handling 
personnel  performing  the  cargo  hook-up;  second, 
possible  damage  to  the  cargo  itself  as  a  re¬ 
sult  of  discharge  C’rrent  passing  through  it; 
third,  ignition  of  fuel-air  mixtures  in  the 
vicinity  of  arcs  occurring  when  ground  contact 
is  made. 

A  reasonable  solution  to  the  discharge  of 
an  electrically  charged  hovering  cargo  helicop¬ 
ter  must  provide: 

1.  a  discharge  capability  that  discharges 
the  helicopter  from  several  hundred  kilovolts 
to  approximately  earth  potential,  and/or  limits 
the  discharge  current,  at  the  point  of  contact, 
to  a  cafe  level; 

c.  a  steady  discharge  current  capability 
of  at  least  several  hundred  micro  amperes 


under  all  environmental  conditions  (corona 
discharge  currents  are  strongly  influenced 
by  environmental  effects); 

3.  a  discharge  tine  constant  of  the 
order  of  a  second  (tentative,  subject  to 
results  of  further  investigation); 

!*.  a  solution  reasonable  in  cost  and 
weight. 

Ia  an  earlier  paper,  [i*J,it  was  stated 
that  the  best  helicopter  discharge  method  to 
date,  under  all  conditions,  is  a  proper  ground¬ 
ing  technique.  All  aircraft  should  b~  gi'ound- 
ed  and  continuously  held  at  ground  potential 
when  fuel,  explosives,  or  similar  dangerous 
cargoes  are  loaded  or  unloaded.  If  the  oper¬ 
ation  takes  place  where  fuel-air  mixtures  are 
present,  it  is  advisable  that  the  first  earth 
contact  be  made  via  a  resistive  link  of  the 

order  of  10 8  ohm3  to  reduce  the  danger  of  fuel- 
air  ignition  (e.g.  ground  contact  bt  made  by 
a  resistive  link  hanging  from  the  helicopter). 

In  this  paper  the  background  of  the 
problem  will  be  examined.  This  leads  to  a 
specific  grounding  configuration.  The  test 
results  of  such  a  configuration  are  then 
presented. 

ELECTROSTATIC  CHARGING  AND  DISCHARGING  PHENOMENA 
OF  AIRBORNE  HELICOPTERS 

The  main  elements  involved  in  the  electrical 
charging  and  discharging  phenomena  of  airborne 
hexi copters  are: 

A.  The  electrical  properties  of  the  heli¬ 
copter  in  the  atmosphere ; 

B.  The  charging  and  discharging  processes 
of  the  helicopter; 

C.  The  electrical  potential  of  a  helicopter 
in  flight. 


*  Numbers  in  brackets  designate  References 
at  the  end  of  the  paper. 


A .  The  Electrical  Properties  of  the  Heli¬ 
copter  In  the  Atmosphere  -  The  capacitance 
of  a  helicopter  at  high  altitudes  depends  only 
on  the  helicopter's  shape  and  dimensions.  In 
ground  proximity,  the  helicopter  capacitance  is 
increased.  Figuie  1  presents  measured  heli¬ 
copter  capacitance  values,  C which  are 

approximately  proportional  to  the  helicopter 
body  dimensions. 


CAPACITANCE,  in  hundreds  of  Pico  Farad* 


Fig.  1  -  Helicopter  capacitance  as  a  function 
of  altitude. 


The  resistance  of  the  air  is  inversely 
proportional  to  the  concentration  of  charge 
carriers  (electrons, whether  or  not  attached 
to  molecules,  and  ions),  the  charge  on  them, 
and  their  mobility.  The  mobility  of  the 
charge  carriers  is  inversely  proportional  tc 
the  air  density.  Under  certain  atmospheric 
conditions  such  as  smoke  aid  fog,  charge  car¬ 
riers  attach  themselves  to  impurities  thereby 
forming  "large  ions"  with  reduced  mobility. 

In  the  lower  atmosphere  the  mobility  and  the 
ion  concentration  depend  upon  the  purity  of 
the  air;  this  explains  the  large  variation- 
in  measured  air  resistance.  At  sea  level, 
the  atmospheric  resistivity  is  in  the  order 

of  10 13  to  10 14  ohms /meter.  The  resistivity 
of  the  air  in  the  vicinity  of  a  propeller  or 
rotor  is  decrease.'  over  that  of  still  air 
because  the  -  ipeller  or  rotor  imparts  velocity 
to  the  air,  a  d  the  effective  mobility  of  the 
:  ous  is  increased.  Since  the  resistivity  is 
a  function  of  tr.e  number  cf  ions  and  of  their 
mobility,  the  effect  of  this  velocity  is  to 
reduce  the  resistivity. 


The  effective  helicopter  resistance  is 
def-.ied  as  the  electrical  resistance  in  ohms 
or  the  airborne  hex-  copter  to  ground.  The 
effective  recistar.ee  of  a  helicopter,  with 
the  engine  running,  is  in  the  order  of  5  * 

109  ohms.  Figure  2  shows  the  measurements 
of  the  effective  helicopter  resistance  as  a 
function  of  altitude  and  corona  discharge  cur¬ 
rent. 


EFFECTIVE  HELICOPTER  RESISTANCE  xlO»fl 


Fig.  2  -  Measured  effective  helicopter  resis¬ 
tance  vs.  altitude  (CHL7). 


The  combined  effect  of  helicopter  capa¬ 
citance  and  effective  resistance  determines 
the  helicopter  cnarging  and  discharging  time 
constant,  usually  in  the  order  of  10  seconds. 
Measured  values  of  a  few  seconds  to  30  seconds 
have  been  recorded,  depending  on  helicopter 
sise,  hover  height  and  atmospheric  conditions. 

B.  The  Cnarging  and  Discharging  Processes  of 
a  Helicopter  -  When  the  processes  des¬ 
cribed  below  increase  or  decrease  the  absolute 
potential  of  the  helicopter  with  respect  to 
the  earth's  potential,  they  are  called  charging 
or  dischargi  lg  processes,  respectively. 

1 .  Charging  due  to  Atmospheric  Electric  Field 
In  the  absence  of  any  charging  process  a 
noli copter  flying  in  the  atmosphere  would 
assume  a  steady  state  potential  equal  to  the 
atmospheric  potential  which  exists  at  that 
altitude.  The  atmospheric  potential  near  the 
ground  at  an  altitude  n  is  the  integral  of 
the  potential  gradient  from  the  ground  to  that 
altitude;  that  is  approximately  equal  to  the 
product  of  helicopter  attitude  times  potential 
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gradient.  In  fair  weather  the  potential 
gradient  is  usually  positive  and  can  be 
several  hundred  volts  per  meter.  In  electri¬ 
cally  disturbed  weeth»r,  fog  or  rain  for 
example,  the  potential  gradient  is  usually 
negative  and  can  be  several  kilovolts  per 
meter.  Under  conditions  of  an  approaching 
thunderstorm,  much  higher  potential  gradients 
have  been  measured,  in  the  order  of  a  thousand 
kilovolts  per  meter  prior  to  lightning  strikes. 
Figure  3  shows  expected  field  strengths  under 
various  atmospheric  conditions. 


j  Approaching  Thur.deritorre 

Distance 

Chung*  in  Pot 

In  KM 

Grad,  in  KV/M 

12-20 

5-.I 

6-12 

5-5 

<6 

>5 

-,2l 


Fig.  3  -  Measured  potential  gradient  in  KV/M 
near  ground  level  as  a  function  of 
weather  condition. 


2.  Nonatmospherlc  Field  Charging  Processes  - 
A  number  of  such  effects  have  been  described 
and  measured.  The  most  important  ones  that 
yield  high  charging  currents  are  described 
below. 

Triboelectrlc  Charging  -  Triboelectric  or 
frictional  charging  results  when  dissimilar 
materials  come  in  contact  with  one  another. 

When  particles  normally  found  in  a  helicopter 
environment,  such  an  dust,  sane.,  snow,  rain, 
etc.,  strike  the  aircraft,  charging  occurs. 

The  charge  rate  or  current  depends  upon  the 
material,  mass,  total  surface  area  of  the  par¬ 
ticles  intercepted.  Usually  these  currents  are 
less  then  50  microamperes,  but  under  extreme 
conditions  currents  of  several  times  this  number 
have  been  reported  [2,3].  Some  evidence  exists 
that  the  effective  helicopter  resistance  is 
lowered  in  conditions  of  high  triboelectric 
charging  (in  the  order  of  5  x  108  ohms). 

Precipitation  -  Heavy  rain,  especially  from 
cumulonimbus  clouds,  3now,  etc.,  inn  be 


electrically  charged  and  can  produce  positive 
or  negative  charging  currents  in  the  order  of 
100  microamperes,  although  maximum  currents 
reported  in  heavy  rainstorms  near  Singapore 
have  been  as  high  as  0.5  mA. 


The  non  atmospheric  charging  processes 
are  functions  of  the  amount  of  particles 
intercepted,  w!  ich  is  a  function  of  the  mass 
flow  through  the  rotor.  This  depends  on  the 
helicopter  weight,  density  of  the  particles 
in  the  air  and  type  of  particles.  In  Figure 
a  monogram  shows  the  charging  current  as 
a  function  of  environment  and  heli.opter 
weight.  This  graph  can  be  used  to  estimate 
the  charging  current  for  a  given  helicopter 
weight  and  environment;  examples  are  given 
for  the  UH1  and  the  CHkf  helicopters. 
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Fig.  U  -  Estimated  charging  current  as  a 
function  of  environmen;  and  heli¬ 
copter  weight,  (based  on  experimeroal 
data). 

The  Ion-generating  Charging  Process  - 
The  main  source  reported  for  the  ion-gener¬ 
ating  charging  process  is  the  engine,  which 
can  produce  ions  of  one  dominant  polarity. 

The  generated  ion  current  is  also  a  function 
of  fuel  and  air  composition,  as  veil  as 
engine  condition.  The  aircraft  is  charged 
to  the  opposite  of  the  ion  polarity.  The 
order  of  magnitude  of  current  reported  for 
engine  exhaust  is  in  the  order  of  a  few 
mi-roomperes  f3],  although  current  levels 
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Helicopter  Weight  in  IOCO  lb*. 


in  excess  of  10  microamperes  have  been  re¬ 
ported. 

3.  Corona  Discharge  Process  -  The  basic 
mechanism  of  a  corona  discharge  consists  of 
electrons  accelerated  by  the  ctrong  electric 
field  near  any  sharp  point.  The  field  strength 
at  the  sharp  point  is  directly  proportional 
to  the  potential  at  the  point  and  inversely 
proportional  to  the  square  root  of  the  radius 
of  curvature  of  the  point.  Thus,  when  the 
radius  is  very  small  the  field  strength  can 
be  quite  large.  Locally  accelerated  electrons 
ionise  the  air;  these  ions  removed  from 
the  vicinity  of  the  point  by  the  motion  of 
the  air  or  by  the  electrical  field. 

At  high  currents  the  magnitude  of  the 
corona  current  from  a  point  is  proportional 
to  the  voltage  squared  and  is  strongly  depen¬ 
dent  upon  geometry  and  atmospheric  conditions 
and  the  corona  current  increases  with  increas¬ 
ing  air  velocity.  With  corona  currents  in  the 
vicinity  of  the  helicopter,  the  effective 
helicopter  resistance  to  ground  decreases. 

C.  The  Electrical  Potential  of  a  helicopter 
in  Flight  -  The  airborne  helicopter  can 
become  charged  by  any  of  the  charging  pro¬ 
cesses.  In  principle,  these  charging  pro¬ 
cesses  can  t -•  divided  into  tvo  groups: 

1.  Electric  Field  Charging  Effects  - 
Assune  that  on  uncharged  helicopter  becomes 
airborne.  The  uncharged  helicopter  has  a 
capacitance  with  respect  to  eerth.  The 

value  of  the  helicopter  capacitance  is  a 
function  of  altitude.  When  the  atmospheric 
potential  that  exists  at  the  helicopter 
altitude  is  not  equcl  to  ground  potential, 
then  the  helicopter  is  getting  charged  to 
the  atmospheric  potential.  In  the  absence 
of  all  other  charging  processes,  the  heli¬ 
copter  potential  will  become  equal  to  the 

atmospheric  potential  V^.  The  time  constant 

of  this  atmospheric  charging  process  is 
equal  to  the  product  of  R^  x  (in  the  order 

of  10  to  30  seconds). 

2.  Current  Oenero  Mon  Effects  -  When  only 
a  charging  current  is  present  in  absence  of 
an  electric  field  charging  process,  the 
potential  of  the  helicopter  rises  in  a  time, 

T,  seconds  to  a  value  given  by 


V 


H 


(1) 


where  V„  la  the  incremental  helicopter  voltage 

in  volts 

Q  is  the  net  charge  in  coulombs 


C„  is  the  capacitance  of  the  aircraft 
"  in  farads 


Ir  is  the  charging  current  in  amperes 

There  is  a  limit  to  the  helicopter ^  ' 
potential  Vjj.  Wher.  the  helicopter  potential 

rises  sufficiently  above  or  below  the  atmo¬ 
spheric  potential  (VA)  that  exists  at  the 

helicopter  altitude,  the  corona  discharge 
proceos  starts.  This  is  mainly  corona  current 
from  areas  of  high  radius  of  curvature  or 
sharp  points.  The  helicopter  discharge  cur¬ 
rent  increases  as  the  potential  v..aes,  until 
a  state  of  equilibrium  is  reached  such  that 
the  charging  current  equals  the  discharging 
current.  Figure  5  shows  measured  discharge 
current  of  the  helicopter  under  natural 
conditions  at,  25  ft.  hover  altitude 


Fig.  5  -  Helicopter  discharge  current  as  a 
function  of  helicopter  potential 
natural  conditions  at  25  feet  hover 
altitude. 

Tne  effectiveness  of  the  corona  points  deter¬ 
mines  the  effective  resistance  RH  of  the 

helicopter.  Properly  designed  passive  dis¬ 
chargers  (corona  points)  redpee  the  effective 
helicopter  resistance.  In  Figure  6,  curves 
1,  2,  and  3  represent  passive  dischargers  on 
the  rotor  blades  of  the  CHVf.  Curve  5  is 
obtained  by  placing  a  passive  diosipator 
(braiding)  100  feet  below  the  helicopter. 
NOTE:  40  microamperes  discharge  current  , 
with  2 6  kilovolts  on  the  helicopter  corres¬ 
ponds  to  a  resistance  of  £.5  x  10*  ohms. 


637 


Dtichorj*  Current  p A 
PASSIVE  DISCHARGE  SYSTEM 


Fig.  6  -  l'*llcopter  discharge  current  from 
passive  dischargers  on  the  rotor 
blades  of  a  CHi*7  (25  foot  hover), 
and  f'om  a  passive  discnarger 
(braiding)  on  a  100  ft.  cable,  below 
the  helicopter. 


For  the  CH5h  helicopter  cr  any  other  heli¬ 
copter  which  has  a  cargo  hcok ,  one  can  use  a 
passive  disslpator  on  the  cargo  hook.  This 
can  reduce  the  electrostatic  problems  con¬ 
siderably.  Tseis  is  evidence  that  when  the 
surface  of  helicopter  rotor  blades  is  elec¬ 
trically  conductive  and  electrical  contact  is 
made  with  the  helicopter  fufieloge,  the  effective 
helicopter  resistance  R^  is  reduced.  (For 
example ,  compare  Figure”? ,  curve  3  and  Figure 
£,  curve  1)  Measurements  indicate  that 
the  current  to  voltage  ratio  increases 
with  increasing  voltage.  It  is  estimated  that 
properly  designed  passive  dissipators  can  keep 
the  helicopter  potential  well  below  300  kilo¬ 
volts  for  1  mlliomperes  current,  (at  25  ft.  hover). 

When  the  helicopter  has  reacued  its 
charged  equilibrium,  the  increase  in  heli¬ 
copter  potential  above  the  atmospheric  potential , 
due  to  the  charging  current  is  equal  to 
the  product  of  the  charging  current,  Ic,  end 

the  effective  helicopter  resistance,  R^. 

The  total  helicopter  potential  with 

respect  to  groimd  Ic  the  cum  of  the  atmospheric 
potential  VA  and  the  voltage  due  to  the 

charging  current  Hjj  Ig. 


The  helicopter  potential  is  tnus  depen¬ 
dent  on: 

a.  The  helicopter  capacitance  C„ 

(in  the  order  of  10~*  F). 

b.  The  effective  helicopter  air 

resistance  R„  (in  the  order  of 
It 

5  x  10*  ohms). 

c.  The  atmospheric  potential  VA 

(the  product  of  estimated  potential 
gradient  and  helicopter  height). 

d.  The  charging  current  1^,  (estimated 

from  helicopter  weight  and 
environmental  conditions). 

A  simple  useful  model  of  the  helicopter 
charging  process  is  given  by  the  equivalent 
circuit  shown  in  Figure  7. 


Fig,  [  -  Charging  and  discharging  processes 
of  a  hovering  helicopter. 

is  a  voltage  source  or  generator 
representing  the  atmospheric  potential, 

is  the  charging  current  of  a  current  source 
or  genorator  representing  charging  mechanisms 
ouch  as  precipitation  or  blowing  sand  und 
dust.  Cj|  is  the  capacitance  between  the  heli¬ 
copter  and  ground,  and-R^  is  the  resistance 
between  the  hollcopter  and  ground.  It  should 


be  noted  thet  R^  in  aeries  with  the  voltage 

source  determines  the  charging  current 

of  the  earth's  electric  field  and  therefore 
Rj.  can  be  considered  as  the  internal  resistance 
or  this  atmospheric  voltage  generator, 

VH  is  the  resultant  voltage  between  the 

helicopter  and  ground  due  to  the  various 
sources.  The  helicopter  resistance  is 

actually  a  function  of  the  current  flowing 
through  it,  but  for.  simplicity,  it  is  considered 
to  be  constuit. 

SAFETY  LIMITS  OF  A  CHARGED  HELICOPTER 

The  helicopter  capacitance  charged  to 
a  high  voltage  is  hazardous  to  personnel 
or  cargo.  A  large  number  of  "safe"  limits 
for  discharges  have  been  determined  and 
reported  in  the  literature  which  deals  with 
three  problem  areas,  personnel  safety,  cargo 
safety,  iwd  radio  frequency  interference. 

A.  Personnol  Safety  -  For  a  capacitor 
type  of  discharge  through  the  human  body 
(resistance  of  a  hundred  to  several  thousand 
ohms),  the  sensation  threshold  level  is  an 
energy  of  the  order  of  one  (l)  milli Joule. 

(Note:  1  mi  111  Joule  in  1  x  lCT*  F,  the 
helicopter  capacity,  corresponds  to  about 
I'iOO  volts).  Experience  has  shown  that 
a  10  millijoule  discharge  under  most  circum¬ 
stances  causes  no  great  discomfort.  Note  that 
the  level  of  energy  discharged  after  a  per¬ 
son  scuffs  across  a  rug  in  winter  and  touches 
some  grounded  object  is  typically  10  to  25 
milli Joules.  It  is  fait  that  the  sensation 
associated  with  a  10  millijoule  discharge 
during  a  concentrated  effort  would  be  insign¬ 
ificant  under  most  circumstances.  A  signifi¬ 
cant  discharge  is  that  which  would  cause  a 
person  to  move  involuntarily  as  a  reaction 
to  the  shock  in  such  a  manner  that  a  lording 
operation  would  be  aborted.  On  this  basis,  the 
10  millijoule  level  was  established  as  reason¬ 
able  operating  level  fer  loading  and  unloading 
operations.  This  is  far  below  the  lethal  levels 
(References  7  and  8). 

For  a  constant  current  type  discharge 
through  the  human  body,  the  sensation  thres¬ 
hold  is  about  1  railllampere.  Reference  7 
indicates  that  a  safe  "let  go"  is  possible 
at  a  current  of  9  milli umpe re s ,  This  1b  also 
far  '.elov  the  lethal  DC  current  level  (Refer¬ 
ences  7  and  8). 

The  sensation  threshold  for  a  short 
transient  discharge  is  a  peak  current  which 
exceeds  the  continuous  current  level.  Thus 
the  continuous  current  level  is  a  conservative 
standard. 


charge  for  cargo  operations  are  a t  follows: 

1.  Explosives  (ignitors):  10”* 
millijoule 

2.  Explosives:  several  millljoules 
to  0.5  Joule 

3.  Ignition  of  stochiometric  fuel- 
air-gas  mixtures: 

Energy  limits:  0.5-1  millijoule. 
Electric  current  limits 

(a)  180-200  pa  for  constant  current, 

(b)  1  mllliampere  for  a  duration 
of  100  millisec, 

(c)  100  milllamperea  for  a  duration 
of  0.01  millieec. 

b  and  c  represent  v.he  same  discharge 
energy. 

Normally  in  open  air,  the  probability  of 
having  a  stochiometric  mixture  appears  to  be 
small.  Under  these  cirucmstances ,  larger 
energies  are  required  to  ignite  the  fuel-air 
mixture.  In  all  the  helicopter  loading  and  un¬ 
loading  operations  to  date,  there  have  been 
few,  if  any,  caaes  where  ammunition  or  fuel 
has  been  ignited  or  exploded  due  to  static 
electricity  discharges.  On  this  basis  alone, 
the  probability  for  discharge  of  significant 
amounts  of  energy  through  sensitive  portions 
of  ammunition  appear  to  be  small ,  and  the 
probability  of  igniting  fuel  is  equally  small. 
This  experience  has  been  with  helicopters  i.n- 
protected  from  the  electrostatic  charge 
accumulation.  Any  reduction  in  the  charge 
would  certainly  reduce  the  probability  of 
Ignition. 

C.  Radio  Frequency  Interference  -  When  the 
helicopter  is  charged  to  a  high  potential, 
erratic  corona  discharges  occur  which  produce 
RFI .  This  electrical  noise  source  can  aeverly 
hinder  and  even  saturate  some  communication  and 
navigation  equipment. 

THE  SAFE  CARGO  HOOKrUP  o l STEM 

A.  Observations  -  In  reducing  the  hazards  of 
electrically  charged  helicopters  during  cargo 
hook —ip  procedures,  the  following  observations 
should  be  made: 

1.  Properly  grounding  the  helicopter  (by 
an  electrical  conductor)  and  keeping  the 
helicopter  grounded  eliminates  the  hazard. 

Almost  any  continuous  contact  between 
a  conductor  and  ground  surface  (Band,  asphalt, 
grasc)  is  sufficient  to  bring  the  helicopter's 
potentials  to  safe  lovels. 


B.  Cargo  Safety  -  Some  examples  of  published 
safety  limits  of  n  capacitive  typo  dio- 
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3.  During  the  grounding  procedures  before 
ground  contact  is  made,  personnel  on  the  ground 
nay  come  in  contact  with  the  grounding  eonuuetor. 

b  Upon  making  ground  contact,  under  cer¬ 
tain  conditions,  the  discharge  energy  can  ignite 
fuel-air  mixtures  and  explosives. 

5.  The  continuous  direct  current  level 
threshold  of  sensation  is  in  the  order  of  one 
milliampere.  The  effects  of  short  durations  of 
direct  current,  such  as  capacitance-resistance 
discharges,  are  less  severe  than  the  effects  of 
co.itinuous  direct  currents  of  the  peak  level. 


6.  When  the  discharge  occurs  via  a  resis¬ 
tive  path*  the  current  ir  the  discharge  path 

is  determined  by  the  helicopter  potential  and 
the  resistance  of  the  patn. 

7.  Passive  dissipators  on  the  rotor  blades 
diminish  the  potential  build-up  on  the  helicopter, 

S,  Conclusions 

1.  The  best  method  to  date,  to  discharge 

a  hovering  cargo  helicopter  under  all  conditions, 
is  a  proper  grounding  technique. 

2.  Tne  aircraft  should  be  grounded  and 
continuously  held  at  ground  potential  when  f"'i, 
explosives,  or  similar  dangerous  cargoes  er 
loaded  or  unloaded. 

3.  For  grounu  personnel  safety  and  when 
fuel-air  mixtures  are  present,  it  is  advisable 
that  the  first  earth  contact  be  made  via  a 
resistive  path,  in  order  to  limit  the  current 
to  a  safe  level. 

Passive  dissipators,  on  the  rotor  blades 
and/or  cargo  nook  should  be  used  to  diminish  the 
hel.  opter  potential  biild  up. 

-•  System  Analysis  -  In  Figure  7  the  resistive 
grounding  path  for  discharging  consist  uf 

r?s  the  safe  cargo  handling  resistance 
approximately  (100  megohms',. 

R  the  gicund  resistance,  or  the  resistance 
from  the  ground  contact  to  earth  ground 
(<  10  megohms), 

Rn  res^si"'1I,ce  of  the  man  (<  3  kilo  ohm- ) . 

When  electrical  contact  is  not  mads  through 
the  resistances Rg,  R^  and  R  ,  then  the  helicopter 
voltage  is  'determined  by:  ® 


'}! 


"n 


R., 


=  ft 


with  the  initial  condition  V, 
this  yields:  1 


at  t  = 
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V 


A 


(VA  + 


t 


(3) 


The  charging  time  constant  is: 

T  =  RkCh  1*0 

and  the  finaJ  helicopter  potential  at  equilibrium 
is: 


"a  +  Rn 


(5) 


Note  that  if  the  helicopter  air  resistance  R,j 
car.  be  made  zero  (or  small)  then  the  heli¬ 
copter  potential  V  equals  (or  approximates) 
the  atmospheric  potential  V  . 


When  electrical  contact  is  made  and  an 
electrical  grounding  path  is  established 
through  the  resistances  P  ,  R  ana  R  r  then 
the  helicopter  potential  Is  deten«in§d  by: 


dV„ 


C. 


V„  -  V. 
H  A 


H  dt 


+  R  +  R  '  c 
m  g 


(6) 


With  an  initial  helicopter  potential  V  at 
t  =  0,  this  yields  for  the  heiir-etter  voltage 
V 


V}. 


(R  *  P.  *  R  ) 

_ _  -  ra  g 

Rr  rorTFTTT 

h  s  m  g 


(VA  +  W  (’ 
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where:  P  is  the  parallel  combination  of  R.^  and 
the  grounding  path 


R 


«=,  (P  +  R  +  R  ) 
i-  a  Vi  g 

r..'+7r~  +  r  1  +  r  ) 

n  „  m  g 


The  final  ..elicopter  potential  at  equilibrium 
is: 


1  ^  4-  {} 

s  ir. 


V  =  - - r  (V  +  ‘  p  )  (B) 

H»  R  +  !P.„  +  r„  +  YJ  '  a  ‘c  ir  1  ' 


s  m  g 
:c  discharging  tine  constant-  is 


'fi  —  r  I. 

‘d  -  Si  ! 


(9) 


■  he  current  through  the  resistive  grounding 
path  is; 


P  +  R  +  fi 


(10) 


D.  Fut  ampler. 


3 .  ri'_  Ground  Resistance  ( R  =0 )  ar.u  No 
Safe  Cargo  Resistance  (R  »  f;  ~6 , : „  is  tr,e 

"•>j—  — . '»■»"•*■  ■  . . .  .  -  ■  ■ 

cate  i-.f  the  unprotected  “eliecptrr  and  a  man 
with  resistance  mak'ng  the  -lectrical 
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conducti/e  path  between  helicopter  end  ground. 
Under  normal  operational  conditions ,  the  elec¬ 
trical  resistance  R  is  much  smaller  than  the 
helicopter  air  resistance  R^. 


Substitution  of  E  =  0,  R  =0  and  R  «  R,. 
j  ,  ,  s  ’  g  m  h 

yields:  B 

R  R„ 

R  =  RHrVlr«  RE 

h  J 


VH  a  (V.  +  F„  Xc )  e 


R  C 
m 


i  s . 


The  current  I  through  the  conduction  path 


(10a) 


Assume  this  helicopter  operates  in  rain 

hovering  at  30  feet,  in  an  atmospheric 
potential  gradient  of  -hkv/m  and  a  triboeiec- 
trical  charging  current  of  -  30  pA.  and  the 
effective  air  resistance  is  2  x  10*  ohms. 


The  helicopter  potential  is  before  ground 
contact  is  made: 


Vjj  =  (VA  +  IcR  )  --  (~k0  +  -60)  =  -100  kilovolts 


The  final  hel'copter  potential  after 
ground  contact  is: 

R 

,s 


v  fiS  ■■  I  v 

H”  +  R  A 
!!  s 


in" 


Iel'ii 


?.l  x  10' 


:  -h.8 
kilovolts 


This  voltage  on  a  helicopter  of  1,000 
picofarads  can  produce  an  energy  discharge  equal 
to  1  x  10“’  x  (l».8  x  103  )2  =  22  milii joules. 


Tni?  current  given  by  Equation  (10^  vili 
pass  through  the  man  touching  the  charged 
he.1  ioopter  and  under  normal  operating  conditions 
exceeds  by  far  the  "safe  current  level".  Ey 
placing  the  safe  cargo  resistance  Rg  in  series 
with  the  man's  resistance  (R^,  the  current  level 
can  be  kept  within  "safe  current  leveis". 


If  a  helicopter  of  1,000  pyF  is  charged 
to  100  kilovolts  and  the  resistance  R,  is  300  ohms, 
the  peak  current  equais  200  amperes  in  thc- 
impulse  energy  di_charge  of  5  Joules. 

c. !.  No  Ground  Resistance  iR„  =  C;  and  a 
Safe  Cargo  Resistance  'R  «  109  ohms)  -  When 
making  ground  contact,  such  a  discharge  system 
should  have  the  following  characteristic*: 


a.  The  peak  current  should  be  about 

1  milliampere.  This  level  occurs  when 
u  helicopter  is  chargee,  to  100  kilc- 
vcl ts , 


100  x  10 3  vo^ts 
100  x  106  oIjt.s 


ampere 


b.  The  time  constant  should  ce  ic., j  than 
a  second.  The  discharge  tine  constant 
equais  the  helicopter  capacitance 
times  the  total  resistance  to  ground. 
The  latter  is  always  less  than  the 
lovest  resistance  patr.  to  ground.  For 
a  helicopter  of  10""1  farads  the  time 
constant  is 


3.  A  Large  Ground  Resistance  R  and  a 
Safe  Cargo  Resistance  R_  -  Under  mostgope rating 
'enditions,  such  as  over  ela> ,  sand,  runway 
surfaces,  the  measured  ground  resistance  R 
is  less  than  the  safe  cargo  resistance  R  S 
(i09  ohms)  and  the  effect  of  the  ground 
resistance  is  small.  However,  there  can  exist 
situations  wner.  the  ground  resistance  R  is 
large.  This  might  occur  over  a  thick  lafer  of 
fresh  snow. 


When  the  safe  cargo  hook-up  system  is  used, 
and  no  other  contact  with  the  helicopter  is  made 
then  the  current  through  the  conduction  path 
is  less  than  with  no  ground  resistance.  Hence: 
when  the  safe  cargo  resistance  is  placed  in 
series  with  the  hook  and  onlv  hook  contact  is 
made,  electrical  current  limiting  is  effective 
and  a  ground  resistance  R  has  no  deleterious 
effects  cn  the  safe  c*rgoghook-up  system. 


However,  the  final  helicopter  pctentialis 
after  the  ground  contact  is  made: 


v  = 

;i<x> 


R  +  R 

- S - 1 Si -  (V  +  T  R  ' 

R„  +  R_  +  R_  'VA  *c  V 


when  a  helicopter  is  charged  to  -300  kv,with 
ground  resistar.ee  R  =  5  x  1C8  ohms,  the  final 
helicopter  voltage  §ecomes 


ti» 


IQ11  +  5  x  109 _ 

2  x  10s  +  103  +  5  x  108 


10s 


=  -23  kilvolts 


1  =  C„  (R  +  R  )  «  C..P  =  10"’  x  10s  =  10" 1  sec. 
H  s  m  !!  s 

(R  «  P  * 
m  s 

in  tnis  example  tne  final  net; copter  po¬ 
tential  at  equilibrium  will  be 


+  R 

~  R*  ”+  o  T"  R~  ^  !t\  +  *>RR  ^  "** 

«*  H  ’  s  m 


VRs 


In  this  case  two  situations  can  occur: 

a.  Personnel  standing  on  a  large  ground 
resistance  .  Under  tnis  condition 
the  energy  discharge  is  equal  to 

!Cman  V  =  2  5u  x  >-23  x  1 =  Vi  "i11*- 

. . .  "  J'-ules 


(VA+:cRH) 
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b.  Personnel  s tending  on  a  large  load 
with  a  capacitance  to  ground  when 
making  contact  with  the  helicopter.. 

The  safe  cargo  hook  up  resistance 
Is  short  circuited.  This  short  circuit 
provides  a  discharge  path  for  charge 
equalization  between  the  charged 
helicopter  capacitance  and  the  un¬ 
charged  load  capacitance. 

If  the  load  capacitance  was  also  1,000  pf, 
the  energy  transfer  through  the  short  circuit 

can  be  |  ~  CH  VHoo2  »  130  mill! Joules,  which 

causes  severe  shock. 

Hence,  when  in  extreme  cases  the  ground 
resistance  is  large,  personnel  should  not 
come  in  contact  with  the  helicopter  directly 
only  through  a  safe  cargo  handling  resistor. 

£.  System  Description  -  The  proposed  SAFCAR 
system  consists  of  two  elements 

1.  Passive  dissipators  on  the  blades  and/or 
hook  for  limitation  of  the  electrical  potential 
on  the  helicopter. 

2.  A  resistive  element  in  the  discharge 
path  to  limit  the  electrical  current  to  "safe" 
levels. 

A  resistive  element  can  be  placed  between 
the  cargo  hook  and  the  airframe  or  can  be  placed 
in  the  grounding  path  (resistive  grounding  link). 
Both  methods  are  described  below: 

1.  An  Electrical  Resistive  Element  Between 
Cargo  Hook  and  Airframe  -  This  element  performs 
two  functions:  it  diminishes  the  electrical 
current  through  the  cargo  hook  (The  electrical 
current  is  determined  by  the  ratio  of  the 
potential  difference  and  electrical  resistance 
in  the  path),  and  after  ground  contact  has  been 
made,  it  reduces  the  helicopter  potential  with 
respect  to  ground. 

The  cortructior.  method  for  an  insulated 
hock  can  be  one  of  the  following: 

a.  An  insulated  beam  or  cargo  hook  (resis¬ 
tance  between  airframe  or  cargo  hook). 
This  approach  is  operationally  very 
desirable  as  cargo  loading  procedures 
are  not  affected.  To  use  this  method, 
a  change  in  existing  aircraft  con¬ 
struction  must  be  made. 

b.  Insulated  cargo  link.  In  this  case, 
the  resistance  is  placed  between  a  new 
hook  and  the  original  cargo  hook  on 
the  aircraft.  In  this  approach,  a 
"doughnut"  type  device  with  a  hook  can 
be  hung  on  the  original  cargo  hook  of 
the  helicopter. 


In  the  implementation  of  these  methods,  the 
cargo  hook  capacitance  should  be  minimized 
because  the  cargo  hook  capacitance  can  cause 
an  electrical  charge  transfer  when  hook  contact 
is  made,  (Typical  measured  capacitance  values 
of  a  CHl*7  cargo  hook,  <  30  ppF) 

2.  An  Electrical  Resistive  Element  in  the 
Grounding  Path  (grounding  link)  -  The  grounding 
link  is  a  device  that  can  be  attached  to  the 
cargo  hook  or  cargo  and  provides  grounding 
with  resistance  in  the  grounding  path.  The 
purpose  of  a  resistive  grounding  link  is  to 

reduce  the  electrical  potential  of  the 
helicopter  and/or  cargo  to  ground  potential. 

The  resistance  diminishes  the  electrical 
current  in  the  ground  path  when  the  grounding 
link  comes  in  contact  with  ground,  personnel 
or  cargo. 

Essentially,  a  ground  linx  is  a  conductor 
of  8  feet  or  more  in  length  with  u  resistance 
on  the  order  of  10*  ohms.  This  length  insures 
ground  contact  is  made  before  personnel  can 
make  contact  with  the  hook.  The  grounding 
link  reduces  the  helicopter  potential  to  a 
value  given  by  Equation  (8). 

In  order  to  provide  safety  under  all  con¬ 
ditions,  it  i3  essential  that  a  good  ground 
contact  (R  <  107  ohms)  is  made  and  that  the 
helicoptergand  load  are  grounded  and  kert 
grounded  during  cargo  operations. 

This  method  is  quite  inexpensive  and 
can  solve  the  personnel  safety  problem  but 
requries  changes  in  operational  hook-up  pro¬ 
cedures. 

If  desirable,  as  for  flammable  cargo,  the 
grounding  link  can  also  be  used  for  discharging 
the  cargo  prior  to  release.  A  "ground  link" 
is  then  connected  to  the  cargo  so  as  to  make 
ground  contact  before  cargo  release. 

P.  System  Tests  and  Evaluation  -  Laboratory 
tests  were  performed  to  confirm  the  current 
threshold  levels  with  high  voltages  using 
resistors  and  capacitances  for  simulating  the 
helicopter  and  the  hook  capacitance  to  ground. 

It  was  assumed  that  passive  dissipators  in 
a  helicopter  would  limit  the  helicopter  voltage 
to  the  order  of  100  kilovolts. 

Several  resistive  grounding  links  were 
designed  and  tested  in  the  ‘laboratory .  The 
test  retuli-s  were  promising  and  a  safe  cargo 
hook  up  system  was  designed  to  insulate  the 
cargo  hook  from  the  airframe  of  the  CHL7 
helicopter. 

The  insulated  cargo  hook  was  tested  elec¬ 
trically  up  to  100  kV  and  the  resistance  was 
measured  to  be  10*  ohms.  The  touch  teBt  was 
performed.  A  ground  strap  vr.n  wrapped  around 
the  little  finger  und  touch  vas  made  at  10  kV 
steps  up  to  '( 0  kV.  A  mild  sensation  was 
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detected  from  30  kV  on  up  to  70  kV.  A  second 
touch  test  was  made  up  to  100  kV  with  the  sane 
results  except  that  at  85  to  100  kV  no  sensation 
was  experience'.  In  both  tests  a  faint  snap 
was  heard  Just  prior  to  tccch. 

The  safe  cargo  hook-up  system  (SAFCAR)  was 
installed  in  a  CHk7  helicopter.  The  latter  was 
artificially  charged  to  70  k\  ,’linit  of  the 
voltage  generator ) .  The  cargo  hook  was  touched 
by  pervuanel.  The  worst  sensation  detected, 
caused  by  the  unprotected  hook  capacitance, 
corresponded  to  the  mild  shock  one  gets  from  a 
carpet.  Similar  experiments  were  conducted 
with  resistive  grounding  links  on  a  CH5U  heli¬ 
copter.  A  summary  of  the  results  is  given  in 
Figure  8. 


&823b 

M  mj 


Fig.  8  -  Safe  cargo  hook-up  system  evaluation 

(for  an  atmospheric  potential  of  20  kVi 

The  left  ordinate  axis  gives  the  helicopter 
potential  with  respect  to  ground;  the  right 
ordinate  axis  gives  the  helicopter  potential 
with  respect  to  the  atmosphere  at  the  helicopter 
altitude.  The  difference  between  the  two 
ordinates  is  the  atmospheric  potential  vhich  is 
approximately  equal  to  potential  gradient  times 
helicopter  altitude.  In  Figure  8,  this  atmo¬ 
spheric  potential  is  20  kilovolts.  The  passive 
dischargers  on  the  rotor  blades  reduces  the 
electrical  helicopter  potential  with  respect  to 
the  atmospheric  potential. 

The  curve  marked  "safe  cargo  hook  up  system" 
(SAFCAR),  or  resistive  grounding  link,  indicates 
the  potential  on  the  helicopter  with  respect  to 
ground  after  electrical  ground  is  made.  With 
the  safe  cargo  hook  up  system,  the  current 
is  greatly  reduced  whenever  electrical 
contact  is  ma«*e  with  the  hook.  When  electrical 


ground  contact  is  made  and  maintained,  the 
helicopter  cargo  and  hook  potential  become  as 
indicated  in  Figure  8, 

In  the  case  of  a  resistive  grounding  link, 
Figure  8  indicates  a  lowering  of  the  electrical 
potential  (with  respect  to  ground)  of  the 
helicopter  and  cargo  hook  when  electrical 
ground  contact  is  made  and  maintained. 

The  evaluation  of  the  proposed  systems  can 
be  summarized  as  follows; 

1.  Laboratory  models  of  the  "safe  cargo 
hook  up  system"  (SAFCAR)  have  been 
successfully  tested  in  the  laboratory 
and  with  artificially  charged  airborne 
helicopters. 

2.  The  method  is  reasonable  in  cost  and 
weight.  Depending  upon  the  system 
version  chosen,  no  changes  or  only  small 
changes  need  to  be  made  in  the  opera¬ 
tional  cargo  loading  procedures. 

3.  If  desirable,  as  for  flammable  cargo, 
a  "grounding  link"  can  also  be  used 
for  discharging  the  cargo  prior  to 
release. 

G.  Recommendations  -  A  simple  solution  to  the 
electrostatic  problems  connected  with  the  loading 
of  a  hovering  helicopter  is  proposed.  The 
"safe  cargo  hook  up  system"  provides  reasonable 
personnel  and  cargo  safety  during  cargo  hook¬ 
up  operations. 

Some  engineering  problems  should  be  further 
investigated  and  complete  prototypes  should  be 
made  to  be  tested  in  the  field  under  all  oper¬ 
ational  conditions. 

In  the  development  or  design  of  new  cargo 
helicopters,  emphasis  should  be  placed  upon  the 
possible  solutions  of  electrostatic  problems. 

The  "safe  cargo  hook  up  system",  if  imple¬ 
mented  in  the  basic  helicopter  design,  could 
be  incorporated  with  relatively  small  penalties 
in  cost  and  weight. 
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Previous  aircraft  radome  lightning  protec¬ 
tion  systems  have  included  several  tvpes  of 
metallic  strip  diverters.  A  more  recent  inno¬ 
vation  has  been  to  reolace  such  strips  with  a 
series  cf  metal  segments  connected  with  re^i,- 
tance  material.  Comparative  antenna  testing 
is  described,  in  which  a  radome  was  alter¬ 
nately  fitted  with  the  two  types  of  diverters. 
For  the  ogive  nose  cone  ana  enclosed  low  side- 
lobe  test  antenna,  sldelobes  created  by 
diverters  are  noted  to  decrease  from  ten  (10) 
db  for  solid  metal  to  one  (I)  db  with  the  seg¬ 
mented  strips.  In  addition  to  the  radar  anten¬ 
na  tests,  results  shaving  the  protective  capa¬ 
bility  of  segmented  diverters  fcr  lightning 
are  summarized.  Plans  for  additional  work 
tasks  relative  to  segmented  diverter  strips, 
to  be  conducted  as  a  part  of  a  current  Air 
Force  sponsored  project,  are  related. 

IN  A  GREAT  MANY  AIRCRAFT,  the  metal  radar 
antenna  installation  housed  within  the  nose 
cone  or  radome  provides  metallic  objects  with 
edges  and  protrusions.  These  are  the  main 
source  of  ionized  streame-s  created  at  the 
aircraft  nose  by  high  stress  fields.  These 
streamers  can  pass  through  an  unprotected 
radome  creating  the  path  for  main  lightning 
stroke  attachment.  Although  strike  incidence 
in  this  area  may  be  low  In  comparison  to  some 
other  aircraft  features,  the  risk  factor  Is  of 
enough  significance  that  metallic  diverters 
are  often  used  to  intercept  the  strike  and 
transfer  the  associated  charge  to  the  aircraft 
fuselage. 

PAST  PRACTICE 

Configurations  to  provide  radome  lightning 
protection  have  varied  considerably  in  the 
past.  Typical  installations  have  included  con¬ 
ductors  orientated  lengthwise  and  spaced  radi¬ 
ally  around  the  radome  to  provide  a  cage  or 
shield  of  protection  for  the  enclosed  antenna 
system.  A  nose  radome  with  radial  lightning 
strip  diverters  used  is  shown  in  Figure  1. 

Such  an  electrostatic  shield  reduces  streamers 
from  the  antennas  and  provides  a  new  source  of 
streamers  outside  the  radome.  Lightning  car 
then  attach  to  these  externa!  streamers  and 
travel  ucwn  the  strips  to  the  fuselage  without 
dsfr.ao i ng  the  radome  or  antennas.  Specif  :  lay¬ 
outs  for  such  an  installation  generally  epend 
upon  factors  such  as  the  antenna  location, 
proximity  of  t'  »  antenna  to  the  radome  wail, 
and  the  dielectric  breakdown  strength  of  the 
plastic  structure.  Such  desiqns  are  o. dinar! ly 
subjected  to  simulated  lightning  testing  and 
or-;  di“-.nsiopai  ly  deperdent  upon  the  specific 


enclosed  objects  and  the  degree  of  protection 
desl red. 

Diverter  strips  have  comprised  three  main 
types,  namely: 

(1)  Thin,  foil-like,  conductors  for  single 
stroke  protection, 

(2)  Rectangular  cross-sectional  diverters 
about  1/2"  wide  and  1/8"  thick  to  pro- 
v!  'e  permanent  protection,  and 

(3)  Circular  cross-section  rods  on  the 
radome  interior  with  metal  buttons  pro¬ 
truding  through  the  wall  to  maintain  a 
flush  exterior  profile. 

These  three  diverter  types  are  illustra¬ 
ted  in  Figure  2,  and  all  may  be  arranged  as 
previously  illustrated.  The  foil  strip  vapo¬ 
rizes  upon  being  struck  by  lightning.  The 
strip  with  rectangular  cross-sect:on  provide1 
permanent  protection  at  the  sacrifice  of  In¬ 
creased  drag.  T’'e  internal  rod  with  through- 
protrusions  is  also  permanent  and  eliminates 
the  drag  penalty,  but  involves  considerable 
detailed  design  and  test  of  mechanical  fast¬ 
eners.  This  difficulty  in  design  arises  as  a 
result  of  the  considerable  magnetic  'c  di/dt) 
forces  developed  at  tne  rod-button  junctures. 
All  three  -  '  ‘he  diverters  described  influence 
the  radiation  patterns  of  enclosed  radar  ant¬ 
ennas.  The  lightning  protection/radar  degrad- 
at'on  trade-offs  thus  caused  have  Ouen  accept¬ 
able  compromises  in  some  past  systems;  how¬ 
ever,  the  degree  o'  distortion  of  ar.tenna  pat¬ 
terns  from  such  obstructions  can  be  consider¬ 
able. 

SEGMENTED  DIVERTER  STRSFS 

A  more  recent  development  ha*  been  the 
use  of  diverters  comprising  a  series  of  small, 
button-!  ike,  nietai  segments  connected  with 
resistance  material.  These  items,  iliust-ated 
in  Figure  3,  have  been  previously  reported  and 
are  patented  by  Douglas  (U.S.  Fatent  No.  3,^18, 
027  granted  in  1968).  Upon  intercept  of 
lightning,  an  ionized  channel  is  formed  where¬ 
by  the  stroke  travels  above  the  segmented 
strips,  exterior  to  the  rademe  wall,  to  the 
aircraft  fuselage.  The  resistance  material 
i>  useful  both  in  initiating  this  ionized 
channel  and  In  providing  2  bleed-off  oath  for 
precipitation  static.  One  of  the  p-imary  rea¬ 
sons  for  the  use  of  this  diverter  type  is  that 
the  meta!  segment;  may  be  l/!0th  wavelength  or 
smaller  at  X-band,  and  hence  minimal  antenna 
oattern  distortion  is  incurrec. 
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Evolving  airborne  radar  systems  of  the 
pulse  doppler  type  rely  upon  extremely  low 
sideiobes  to  permit  detection  of  targets  and 
prevent  "clutter"  in  the  direction  of  the 
ground.  With  the  solid  metallic  diverters 
previously  discussed,  sideiobes  may  be  raised 
(typically)  10  db  above  the  levels  associated 
with  the  modern  antennas  used  with  such  radar. 

In  a  current  program  sponsored  by  the  Air 
Force  Materials  Laboratory,  a  task  was  imple¬ 
mented  to  define  an  appropriate  lightning  p,  o- 
tection  system  and  demonstrate  pattern  perform¬ 
ance  with  such  an  antenna.*  Prior  to  fabrica¬ 
tion  ol  required  demonstration  radomes,  exten¬ 
sive  pattern  testing  was  accomplished  at  Bruns¬ 
wick  with  an  already  available  nose  cone.  In 
addition  to  measuring  the  effects  of  segmented 
diverter  strips  In  detail,  direct  comparison 
between  these  and  the  solid  types  was  Incorpor¬ 
ated  by  means  of  alternately  fitting  the  radome 
with  the  two  types  of  protective  devices. 

ANTENNA  T£ST  RESULTS 

The  radome  utilized  was  a  filament  wound 
half-wave  wall  construction  with  an  approxi¬ 
mate  ogive  shape.  The  wall  thickness  was 
tapered  In  the  radome  longitudinal  direction 
to  effect  minimum  wall  reflexions  for  the 
particular  test  antenna  and  X-band  operational 
frequency.  As  a  means  of  highlighting  diverter 
effects,  these  were  installed  temporarily  using 
thin  tape,  end  patterns  were  compared  to  base¬ 
line  antenna/radomc  composite  system  patterns. 
The  segmented  diverters  were  fabricated  on  a 
thin  reinforced  epoxy  laminate  approximately 
0.010  inches  thick,  and  therefore  the  effects 
of  the  carrier  laminate  were  not  separable  from 
the  effects  of  the  metal  segments  or  resistance 
material.  Metal  foil  strips  were  used  for  con¬ 
venience  to  reasonably  represent  any  of  the 
thiee  solid  metallic  d:/srter  tvpes . 

A  photograph  of  the  test  radome  Is  shown 
In  Figure  l>,  and  a  cltse-up  *>l  'he  segmented 
oiverter  strip  is  shown  in  Figure  5.  Eight 
strips  each  42  Inches  long  were  employed,  tne 
surface  spacing  va^y'ng  from  about  seventeen 
(17)  Inches  ar  the  radome  ba=;  to  eleven  (II) 
inches  at  the  forward  exrent  of  the  d've-ters. 

Transmission  loss  testing  -ti'  accomplished 
with  the  radome  in  Its  normal  (0°)  r oil  ps;i- 
tion  and  rolled  ]0° ,  A5°,  60°,  75°,  and  90°. 

The  radome  was  then  seamier1  *f>0°  In  azimu's 
about  the  stationary  antennaT  slniuiiTl  Ing  in¬ 
flight  ant-.nna  scans.  Transmission  changes, 
in  percent,  are  shown  In  Flguie  C.  The  losses 
wl  tii  JIvartrr  strips  were  about  61  maximum  and 
average  more  than  for  the  radome  alone. 

•'■Contract  No.  F33615-  7»-C- 1 3«0. 

"Manufacturing  Methods  (or  High  Temperature 
Reinforced  PlasM-  Aircraft  Radomes". 


Boresight  or  pointing  error  values  were  simul¬ 
taneously  measured,  and  changes  are  shown  in 
Figure  7.  These  were  increased  as  much  as 
1.2  ml 1  i  radians  for  one  particular  radome 
roll  position;  however,  the  maximum  measured 
error  for  ail  scans  was  only  0.5  mi  II (radians 
higher  with  the  segmented  diverter  strips 
than  for  the  radome  only. 

Radiation  pattern  testing  was  accom¬ 
plished  for  a  number  of  conditions.  The  solid 
metallic  diverter  strips  Induced  sideiobes  at 
several  angular  positions.  These  induced 
lobes  were  particularly  prominent  for  antenna 
pointing  positions  of  twenty  (20)  degrees  or 
more  from  the  radome  nose.  Figure  8  illus¬ 
trates  this  problem,  a  portion  of  the  side- 
lobe  region  of  the  radiation  pattern  with 
diverters  being  overlayed  with  the  same  scan 
for  the  radome  only.  For  the  illustrated 
pattern,  the  magnitude  of  the  induced  side- 
lobe  is  seven  (7)  db  greater  with  strip  than 
for  the  radome  alone.  At  other  angles, 
magnitudes  of  Increase  of  as  much  as  ten  (10) 
db  were  observed,  for  angular  widths  up  to 
fifteen  (15/  degrees.  Reducing  the  number  or 
diverter  strips  from  seven  (7)  to  one  (I)  did 
not  significantly  alter  the  magnitude  of  this 
strip  induced  lobe,  although  its  angular 
width  was  oniy  about  one-third  (1/3)  as  much. 
Sideiobes  of  this  magnitude  and  width  are  not 
acceptable  for  the  intended  application. 

Comparable  patterns  using  the  segmented 
meta!  style  of  diverters  showed  only  minor 
Induced  sideiobes.  Figure  9  is  the  same 
pattern  angle  previously  illustrated,  and 
shows  results  with  segmented  diverters  in 
comparison  to  radome  only  tests.  At  this 
partictrar  scan  angle,  the  maximum  magnl  tude 
of  the  sidelobe  with  diverters  does  net 
exceed  that  applicable  for  the  radome  only. 
Other  patterns  in  comparable  angular  areas 
showed  increrses  on  the  order  of  one  (I)  db. 
Further,  a  study  of  data  for  the  complete 
number  of  patterns  made  indicate  that  these 
diverters  did  not  Increase  the  average  side- 
lobe  level  by  more  than  about  one  (1)  db. 

At  the  critical  angular  regions  illustrated, 
this  amounts  to  an  improvement  factor  of  nine 
(S)  db  in  i*-e  magnitude  of  sidelobe  increase, 
'■•r  aii,  the  pattern  results  for  segmented 
diveiters  indicate  a  significant  achievement 
as  compared  to  previous  strip  types.  For 
itiojI  ■'nnlications,  the  segmented  strips 
largely  eii.  ‘nates  previous  compatabi  I  i  ty 
p between  i  g/’tnlng  protection  design 
a'ri  micrcWdVC  ronsideratioi.c 

i  i  ufI7.NI  NG  PROTECTION  TEST  RESUITS 

Tiie  ligntning  protection  capability  of 
solid  diverter  types  have  been  picviously  ne¬ 
'e  r ted  and  will  not  be  repeated  here.  Frr 
example,  an  ove/xlt-  I *  given  in  reference  1, 
and  specific  designs  are  reported  In  refer¬ 
ences  2  and  3-  Testing  of  the  segmented 
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scrips  has  been  accomplished  during  several 
programs . 

TEST  CRITERIA  -  Measured  data  indicate 
that  the  lightning  strike  phenomena  generally 
consists  of  three  significant  phases:  the 
prestrike  phase,  the  high  peak  current  phase, 
and  a  heavy  coulomb  phase. 

It  Is  during  the  relatively  low  current 
prestrike  phase  when  the  lightning  stepped 
leader  approaches  the  aircraft  that  an 
Ionized  channel  Is  created  In  the  air  above 
the  segmented  strips.  This  Ionized  channel 
above  the  strip  provides  the  path  for  the 
high  peak  currents  and  heavy  coulomb  trans¬ 
fers. 

The  peak  current  !n  a  lightning  stroke 
will  generally  be  10  to  20  klloamperes,  but 
in  some  Instances  has  been  as  high  as  200 
klloamperes.  The  peak  current  has  an  average 
rate  of  rise  of  10  klloamperes  per  micro¬ 
second  and  a  maximum  rate  of  100  klloamperes 
per  microsecond.  During  the  peak  current 
phase  of  a  lightning  strike,  high  vaporization 
pressures  and  strong  mechanical  forces  can  be 
created. 

the  neavy  coulomb  phase  follows  the  peak 
current  phase.  In  the  heavy  coulomb  phase  100 
to  200  amperes  may  flew  for  a  period  of  up  to 
one  second,  transferring  a  total  charge  of  30 
to  200  coulombs.  This  phase  of  the  lightning 
strike  tan  produce  burning  and  eroding  of  the 
metal  transfer  points. 

The  segmented  lightning  scrips  have  been 
tested  to  determine  their  shielding  charac¬ 
teristics  and  ability  to  withstand  the  peak 
currents  and  heavy  coulomb  transfers  associated 
with  lightning  strokes. 

ELECTROSTATIC  SHIELDING  MEASUREMENTS  - 
High  voltage  tests  have  been  performed  by 
Douglas  at  Lightning  and  Transients  Research 
Institute,  Miami,  Florida,  to  establish  the 
electrostatic  shielding  characteristics  of 
tne  segmented  strios.  Flat  panel  measurements 
were  made  to  determine  the  approximate  spacing 
required  between  ths  strips,  to  provide  the 
necessary  protection  for  a  particular  antenna/ 
radome  Installation.  Final  measurements  were 
made  on  the  actual  radome. 

A  typical  test  set-up  for  high  voltage 
measurements  on  a  flat  panel  Is  shown  In 
figure  10.  A  photograph  of  a  high  voltage 
test  on  a  flat  panel  wit!  segmented  strips 
Installed  Is  shown  In  Figure  11.  The  simu¬ 
lated  lightning  st  oke  can  be  seen  traveling 
above  the  four  foot  long  segmented  strips  to 
ground.  The  spacing  between  the  strips  Is 
twenty-one  Inches.  The  high  gradient  point 
under  the  panel  and  midway  between  tne  two 
strips  was  2. A  Inches  from  the  panel.  The 
exact  spacing  required  between  the  strips  to 


provide  the  necessary  shielding  Is  a  function 
of  the  length  of  the  strips,  the  dielectric 
strength  of  the  radome  wall,  and  the  shape 
and  location  of  metal  objects  within  the 
radome.  The  spacing  Is  normally  seventeen  to 
twenty-one  inches. 

HIGH  PEAK  CURRENT  MEASUREMENTS  -  High 
peak  current  tests  were  made  at  Douglas  end 
L.T.R.I.  to  determine  damage  t''  the  strips 
caused  by  vaporization  pressures  and  mech¬ 
anical  forces.  A  block  diagram  of  the  test 
set-up  used  at  L.T.R.I.  is  shown  In  Figure  12. 

A  photograph  of  tho  location  of  the  probes 
with  respect  to  the  lightning  strips  is  shown 
In  Figure  13-  The  high  voltage  probe  was 
attached  to  the  ungrounded  end  of  the  seg¬ 
mented  strip  using  metal  foil.  The  voltage 
potential  between  the  high  current  p.obe  and 
ground  was  25  kilovolts.  When  the  high 
voltage  generator  was  discharged  across  the 
seg..ie.led  strip  the  high  current  discharge  was 
triggered  as  shown  In  Figure  14.  Figure  15 
siiows  the  waveform  as  It  appeared  on  the 
oscillograph.  The  peak  current  was  160  kilo- 
amperes.  The  rate  of  rise  to  peak  was  approxi¬ 
mately  6.5  klloamperes  per  microsecond. 

No  damage  occurred  to  the  panel  or  the 
two  lightning  strips.  A  photograph  of  the 
tes*-  panel  after  test  is  shown  In  Figure  16. 

A  close-up  photograph  of  the  segmented  strip 
In  the  high  current  probe  area  is  shown  in 
Figure  17-  There  are  no  significant  burns 
on  the  strip  because  the  lightning  does  not 
attach  to  it.  The  segmented  strips  simply 
guide  the  stroke  to  ground. 

A  photograp’  f  the  grounded  bolt  at  the 
e.id  of  the  segn.antt  1  strip  to  which  the  simu¬ 
lated  lightning  attached  is  shown  in  Figure  18. 
The  strip  is  butted  against  the  bolt.  No 
nllmate  contact  is  required  If  a  bleeder  re¬ 
sistor  is  used.  A  photograph  of  tne  bleeder 
resistor  is  shown  In  Figure  19.  The  resistor 
is  connected  to  the  strip  as  Illustrated  in 
Figure  20.  This  bleeder  resistor  in  conjunc¬ 
tion  with  the  resistance  materia)  joining  the 
segments  prevents  the  strip  from  creating  an 
RF  noise  source  curing  certain  charging  con¬ 
ditions  on  the  aircraft.  Ho  bleed  resistor 
is  required  if  the  strips  are  connected  to  the 
grounding  boit. 

HLAVY  COULOMB  TRANSFERS  -  The  most  diffi¬ 
cult  part  of  the  lightning  stroke  to  simulate 
when  testing  the  segmented  strips  is  the  heavy 
coulomb  transfer  that  occurs  during  the  last 
phase  of  the  stroke.  For  this  test  it  is 
necessary  that  the  Ionized  channel  established 
over  the  strip  during  the  high  voltage  dis¬ 
charge  be  maintained  long  enough  that  200 
amperes  of  current  can  be  discharged  through 
tne  same  channel,  from  a  DC  voltage  source, 
for  a  period  of  one  second. 


647 


Douglas  has  performed  tests  on  the  seg¬ 
mented  strips  where  eight  coulombs  was  trans¬ 
ferred  over  a  16-Inch  length,  approximately 
IfO  coulombs  ever  a  h-lnch  length  and  over  200 
coulombs  over  a  one-half  Inch  length.  These 
tests  Indicated  that  the  segmented  strips 
wi i I  withstand  the  burning  and  eroding  caused 
by  charge  transfers  In  excess  of  200  coulombs. 

ST  (UP  AVAILABILITY  AND  CURRENT  FURTHER  WORK 

Convenient  strips  Incorporating  the  metal 
segments  and  resistance  material  on  a  thin 
(approximately  0.010  inch)  laminate  carrier 
are  now  available  from  Communications  Com¬ 
ponents  Corporation,  Costa  Mesa,  California,  a 
licensee  of  McDonnel l-Doug las  Corporation. 

The  one  tenth  inch  diameter  segments  pre- 
sent*y  available  are  adequate  for  most  appli¬ 
cations  up  to  and  Including  Ku-band.  If 
necessary,  the  segment  size  can  be  further 
reduced  to  facilitate  use  In  the  higher 
frequency  ranges.  Additionally,  In  particular 
radome  designs  where  the  laminate  carrier  de¬ 
gradation  effects  mus!  be  avoided,  fabrication 
techniques  making  these  an  integral  part  of 
the  rademe  may  be  implemented.  An  example  of 
such  a  situation  would  be  an  "A"  sandwich 
radome  with  thin  skins  (facings),  operating 
at  a  relatively  high  frequency. 

As  s  part  of  the  earlier  referenced  Air 
Force  sponsored  project,  rjrther  work  tasks 
for  the  segmented  diverters  are  being  Imple¬ 
mented.  Ircluded  In  these  tanks  are  the 
necessary  items  to  define  menu. actor  I ng  methods 
for  applying  a  high  temoeracu re  version  of 
the  strips  to  a  poly!~ide  foam  cere  radome, 
and  the  standard  type  to  : epresentatSve 
filament  wound  radomts  lr.  a  retrofit  fashion. 
Additionally,  the  temperature  up-g>-ading  of 
the  segmented  strips  is  to  be  accomplished 
with  a  goal  of  service  to  600°F,  Additional 
antenna  testing  with  primary  emphasis  on 
sidelobes  will  b>  accomplished  at  Ku-band. 
Simulated  lightning  testing  of  a  polylmldc 
foam  core  radome  Incorporating  the  higher 
temperature  segmented  diverts)  Strips  will  be 
conducted,  as  well  as  electrical,  structural, 
and  environmental  tests. 
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ON  SUBSTRATE 


FIGURE  3:  SEGMENTED  DIVERTER  STRIP 
(PARTIALLY  ON  SUBSTRATE) 


CLOSE-UP  OF  SEGMENTED  DIVERTER 
ON  TEST  RADOME 
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Antenna  Position, Degrees 

FIGURE  6=  COMPARATIVE  TRANSMISSION  PERFORMANCE 
RADOME  ALONE  VS.  DOME  WITH  SEGMENTED 
DIVERTER  STRIPS 
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Antenna  Position, Degrees 

FIGURE  7(Cont.): COMPARATIVE  BORESIGHT  ERROR  PERFORMANCE 

RADOME  ALONE  VS.  DOME  WITH  SEGMENTED 
DIVERTER  STRIPS 
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Antenna  Position, Degrees 

FIGURE  7 (Cont.): COMPARATIVE  BORESIGHT  ERROR  PERFORMANCE 

RADOME  ALONE  VS.  DOME  WITH  SEGMENTED 
DIVERTER  STRIPS 
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FIGURE  8:  COMPARATIVE  PARTIAL  ANTENNA  PATTERN,  SIDELOBE 
REGION  -  RADOME  ALONE  VS.  DOME  WITH  SOLID 
DIVERTER  STRIPS 
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FIGURE  9:  COMPARATIVE  PARTIAL  ANTENNA  PATTERN, SIDELOBE 
REGION- RADOME  ALONE  VS.  DOME  WITH  SEGMENTED 
DIVERTER  STRIPS 
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STUDIES  ON  FLAT  PANEL 


FIGURE  II:  SIMULATED  LIGHTNING  STRIKE  TO  DIELECTRIC 
PANEL,  SEGMENTED  STRIPS  INSTALLED  AT 
21  SPACING 
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FIGURE  15:  HIGH  CURRENT  WAVEFORM, ISO  KA  PEAK, 
25  MICROSECOND  RISE  TO  PEAK _ 


FIGURE  19:  BLEEDER  RESISTOR  ON  BACK  OF  PAistL 
CONNECTING  SEGMENTED  STRIP  TO 
ATTACH  FLANGE  ■ 
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